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Controlling Crystallite Orientation of Diketopyrrolopyrrole-
Based Small Molecules in Thin Films for Highly Reproducible
Multilevel Memory Device: Role of Furan Substitution

Yang Li, Hua Li, Hongfei Chen, Yu Wan, Najun Li, Qingfeng Xu, Jinghui He, Dongyun Chen,

Lihua Wang, and Jianmei Lu*

For the organic memory device with vertically arranged electrodes, controlling
the film-packing to achieve highly oriented crystallite arrangement is critical
but challenging for obtaining the satisfied performance. Here, the effect of
backbone planarity on the crystallite orientation is studied. Two diketopyr-
rolopyrrole-based small molecules (NI,PDPP and NI,FDPP) are synthesized
with increasing planarity by furan substitution for phenyl rings. Upon thin-
film analysis by atomic force microscopy, X-ray diffraction, and grazing-inci-
dence small-angle X-ray scattering, the orientations of these crystallites are
demonstrated to be well controlled through tailoring molecular planarity. The
highly planar NI,FDPP in film prefers out-of-plane crystallite orientation with
respect to the substrate normal while the nonplanar NI,PDPP displays less
ordered packing with a broad orientation distribution relative to the substrate.
As a result, NI,FDPP-based memory device exhibits superior multilevel
performance. More importantly, the oriented crystallite arrangement favors
uniformity in NI,FDPP thin film, thus, the device displays higher reproduci-
bility of memory effects. This study provides an effective synthetic strategy for
designing multilevel memory materials with favorable crystallite orientation.

remains technologically challenging.P!
Among successful examples, several
strategies were employed, including mor-
phology engineering!® and molecular
innovation.’*”l However, few methods
paid attention to their influence on the
internal crystallite orientation, which has
proven to be a key role in determining the
device performance elsewhere.[®!

The importance of internal crystallite
orientation uniformity to device perfor-
mance is related to the charge transport.
Anisotropic charge transport often occurs
in the organic semiconducting mate-
rials.”l In poly- or semicrystalline organic
thin films, the transport of charge carriers
inside the crystalline regions is generally
believed much faster than that in amor-
phous regions or grain boundaries.[<1¥
The crystallite orientation, including the
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1. Introduction

In recent years, organic memory devices (OMDs) have attracted
considerable attention for their potential application in the field
of high-density data storage.l!! In contrast with the conventional
binary electronics with downscaling limits, OMDs could
realize high-density data storage through multilevel memory
effects, leading to a dramatically increasing storage capacity.®!
Despite that small molecules have been demonstrated prom-
ising in achieving high-performance binary data storage,
multilevel memory devices based on these organic materials
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in-plane orientation'!! and crystallite
alignment relative to the substrate normal
(texture),1 is significant for influencing
the connectivity between crystalline regions, which dictates
the charge transport efficiency.'¥! Thus, in order to obtain high
device performance, the alignment between adjacent crystal-
lites should be optimized for efficient charge transport.!
For instance, because of the highly textured crystallites nucle-
ated from the buried interface, field-effect mobility of poly(3-
hexylthiophene)-based organic thin-film transistors (OTFTS)
has been shown to be two orders of magnitude increased.!'?

In this work, we controlled the crystallite orientations of
organic thin films by tuning the molecular planarity of diketo-
pyrrolopyrrole (DPP)-based small molecuels. Two molecules
(NL,PDPP and NI,FDPP, shown in Figure 1) were synthesized
and fabriacated as the memory devices. The choice of DPP as
acceptor arises from its remarkable aggregating properties.
DPP moieties have emerged as promising building blocks for
high-performing materials in transistors and solar cells.l'"]
However, diphenyl-DPP-based organic electronics usually
suffer from relatively poor charge mobility,["® due to a torsional
twist between the phenyl rings and DPP core.l'’] We found
that replacing the phenyl groups by furans could attenuate
the backbone twist, increase the molecular planarity,'8! and
hence significantly improve the orientation alignment of crys-
tallites. Thus, NI,FDPP-based memory device shows superior
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Figure 1. Chemical structures (top) and GGA-predicted (unrestricted BLYP/DNP level) conformations of a) NI,PDPP and b) NI,FDPP in front view
(middle) and side view (bottom) illustrating the decreased torsional backbone twist.

performance, in particular the low threshold voltages and high
reproducible multilevel memory effects.

2. Results and Discussion

2.1. Synthesis and Characterization

NI,PDPP and NI,FDPP were synthesized from combining
DPP precursors and naphthalimide groups by palladium-cat-
alyzed Suzuki-Miyaura cross-coupling reactions (see the Sup-
porting Information for details). Naphthalimide has also been
widely used as acceptor because of the good 7-conjugation.!'”!
The chemical structures of these two compounds were charac-
terized via NMR spectroscopy and high-resolution mass spec-
trometry. By introducing multiple alkyl chains, NI,PDPP and
NLFDPP show good solubility in the most common organic
solvents such as CHCl;, toluene, and chlorobenzene.

Thermo gravimetric analysis (TGA) was carried out to
examine the thermal stability of these two molecules. NI[,PDPP
and NI,FDPP both exhibit good thermal stability with decom-
position temperature (5% weight-loss) to be approximately 296
and 263 °C, respectively, which is conductive to the material
longevity (Figure S1, Supporting Information).

2.2. Optical and Electrochemical Properties

The UV-vis absorption spectra were conducted to study the
effects of furan substitution on the optical properties of these
two DPP-based molecules in solution and thin film (Figure 2),
and characteristics of the corresponding absorption are summa-
rized in Table S1 in the Supporting Information. In solutions,
NIL,PDPP presents a low-energy band from 400 to 550 nm
(150 nm), and NI,FDPP displays a low-energy band from 450
to 700 nm (250 nm), attributed to intramolecular charge
transfer (ICT).?% Furanyl substitution leads to a bathochromic
shift for their ICT electronic absorbance. In films, NI,PDPP
shows a A, at 498 nm and an absorption onset at 564 nm
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(Eg = 2.20 eV), while NI,FDPP shows a A, at 661 nm and
an absorption onset at 735 nm (E; = 1.69 eV). Incorporation
of furanyl donors reduces the optical band gap (E) by =0.5 eV,
which may be ascribed to the increased backbone planarity that
correlates with the less steric demands of five-membered furan
heterocycles. Increased planarity extends effective conjugated
length and charge delocalization, thus narrowing the band gap.
In addition, NI,FDPP exhibits a much broader absorption band
relative to that in solution and one vibronic shoulder peak is
clearly observed, while NI,PDPP only shows a slight red-shift.
These results are probably due to the different formation of
molecular aggregates.?!

The electrochemical properties of NI,PDPP and NI,FDPP
were characterized by cyclic voltammograms (CVs) (Figure S2,
Supporting Information), and are summarized in Table S1 in
the Supporting Information as well. The E, (onset) value of
NI,FDPP tends to be less positive, which indicates a decrease
of the (electrochemical) band gap.??l This trend is in good
agreement with the aforementioned optical properties. The
highest occupied molecular orbital (HOMO)/lowest unoccu-
pied molecular orbital (LUMO) energy levels of NI,PDPP and

1.0 ——NI2PDPP solution
—— NI2PDPP film
0.8- —e— NI2FDPP solution

—o— NI2FDPP film

Absorbance (a.u.)

500 600 700 800

Wavelength (nm)

400 900

Figure 2. UV-visible absorption spectra of NI2PDPP and NI2FDPP in
solution and as thin film on a quartz plate.
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NI,FDPP are determined to be —5.38/-3.18
and —5.19/-3.50 eV, respectively. It can be
seen that the HOMO level displays a rise
upon the substitution of electron-rich furan
for phenyl ring, which approaches the work
function of ITO electrode and may facilitate
the charge injection.?’]

2.3. Theoretical Calculations

Density functional theory (DFT) calculations
were adopted to simulate each molecular
backbone of NI,PDPP and NI,FDPP. Com-
putation was implemented with generalized ™15
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(c)

gradient approximation (GGA) in DMol3 £ 1%
code, using unrestricted BLYP/DNP level.?Y 2 .5
Both the two molecules show symmetric con- :}2
formations. It is worth noting that the two 0 1 2 _— 3 4 5

molecules have two apparently distinguished
geometries. As shown in Figure 1a, the opti-
mized geometry of NI,PDPP reveals that
steric hindrance resulting from the phenyl
o-hydrogen atoms and the oxygen atoms of
the DPP unit suppresses a coplanar tendency. The hydrogen—
oxygen distance is predicted to be 2.46 A while the sum of the
van der Waals radii is 2.61 A, which suggests an atomic repul-
sion. The dihedral angle between the phenyl and the DPP unit
is found to be 31°. Additionally, an energetic penalty for pla-
narization between the phenyl and the naphthalimide group
exists with a dihedral angle of 55°. Contrarily, furan substitu-
tion causes increased backbone planarity (Figure 1b). As the
furan unit with only one orhydrogen atom is smaller, steric
hindrance between the DPP core and the neighbouring fused
ring becomes less. The intramolecular oxygen—oxygen distance
from DPP to furan is 2.97 A, which is comparable to the sum
of the van der Waals radii (3.04 A). Thus, the dihedral angle
decreases to 7°. Simultaneously, the repulsion between the
furan and the naphthalimide group is also diminished with a
dihedral angle of 19°. These calculations reveal that replacing
phenyl group with furan allows for a planar structure. Since
backbone planarity often benefits n—r interaction and charge
transport property, NI[,FDPP-based materials are anticipated to
be more promising for OMD application.

2.4. Thin Film Morphology

To examine the effects of structural planarity on microscopic
scale morphology, the small-molecule thin films were inves-
tigated by atomic force microscopy (AFM) analysis. For sand-
wich-structured memory devices, films with smooth nanoscale
topography are supposed to be beneficial for the efficient charge
transport.l”®) As depicted in Figure 3a, NI,PDPP forms une-
venly aggregated domains in the film. These visible islands are
undesirable for OMD films as they can largely impede charge
injection with a disordered surface structure (root-mean-square
roughness (Rrys) = 6.13 nm, Figure 3c). After the replacement
of phenylene rings, these uneven domains disappear and the

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

Figure 3. a,b) Morphology characterization of TM-AFM topographic images and c,d) corre-
sponding cross-section profiles of NI,PDPP and NI,FDPP films spin-coated on ITO substrates,
respectively. The scan size for both images is 5 pm x 5 pm.

surface morphology becomes smoother with a roughness of
0.45 nm (Figure 3b,d), forming a well-defined isotropic “gran-
ular” structure. This smooth morphology of NI,FDPP may be
ascribed to the backbone coplanarity.?®! The regular thin film
can promote the charge-carrier transport between small mol-
ecules and electrodes.

2.5. Thin Film Nanostructure

The Xray diffraction (XRD) analysis was carried out to
examine the thin film microstructure, XRD studies reveal the
enhancement of molecular ordering after furanyl substitution
(Figure S3, Supporting Information). NI,PDPP shows a pri-
mary diffraction peak at 26 = 6.3°, corresponding to a d-spacing
of 14.01 A, which may arise from the crystalline domains
observed in AFM image.”’] Another diffraction peak with low
intensity also appears at 20 = 19.0°. This weak diffraction can
be assigned to the m—r stacking peak with the -7 stacking dis-
tance of 4.67 Al'828] For NI,FDPP, the intensity of the XRD
signals somewhat increases, which likely correlates with the
enhanced crystallinity. N[,FDPP shows an intense primary dif-
fraction peak at 20 = 8.2° (d = 10.77 A). This smaller lamellar
spacing value is likely originated from a tilted structure or
dense packing forms in the film.?’! In particular, one additional
diffraction peak is also observed at 26 = 24.7°, corresponding to
the 7—r stacking distance of 3.60 A. This 7 stacking peak sug-
gests that there exists strong intermolecular interaction among
the donor /acceptor (D-A) conjugated backbone of NI,FDPP.53%

Meanwhile, for the thin films, grazing-incidence small-angle
X-ray scattering (GISAXS) analysis can be adopted to determine
the crystalline properties of films relative to the substrate.’! As
shown in Figure 4a, both the two samples (film on substrate)
were impinged by the monochromatic X-ray beam respectively
with a very small incident angle. GISAXS pattern of NI,PDPP
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shows a sharp ring including a more intense arcing near the g,
plane (Figure 4b). This suggests that the crystallite arrangement
in thin film is less ordered, which comprises a broad distribu-
tion of orientations relative to the substrate with a slight prefer-
ence of out-of-plane orientation (Figure 4d).>'*%! Yet, GISAXS
pattern of NI,FDPP displays an intense elliptic peak along the
g, plane (g, = 0), indicating that NI,FDPP film is highly ori-
ented that has a preferred out-of-plane crystallite orientation
and is isotropic in-plane (a textured film, Figure 4c,e).3'3 More-
over, this scattering peak corresponds to a spacing distance
of 10.76 A, which is very close to the XRD observed lamellar
spacing data (10.77 A). Thus, this pronounced peak along the
out-of-plane direction can be assigned to the highly textured
lamellar packing peak, implying that the lamellar orientation
in thin film is parallel to the substrate.231%! As a result of

(@)

NI2PDPP
0.75

www.afm-journal.de

reduced molecular backbone torsion, the favorable alignment
between adjacent crystalline regions is promoted, forming an
ordered lamellar packing that relates with good charge trans-
port efficiency.'*#32] This finding is important since most
previous studies about crystallite orientation focused on the
effects of processing conditions,?* solvent,** and substrate
treatment,|'>%] whereas few studies paid attentions to the
m-conjugated backbone structure.

It has been reported that the crystallite orientation align-
ment with respect to the substrate normal (texture) of films can
be tuned by varying side-chain rigidity and thermal history.¢
McCulloch et al. observed that medium C12 side-chain (C10,
C12, and C14) based films exhibited an oriented polycrystal-
line structure after thermal annealing, which was advantageous
for charge transport.13%l Yet, according to the observetion in our

2D detector

(c)

NI2FDPP
0.75

0.50

0.256

0.00 Ya b 0.00 a1}
-0.50 -0.25 0.00 0.25 0.50 -0.50 -0.25 0.00 0.25 0.50
Qyy (A7) Qyy (A7)
(d) (e)
NIz2PDPP Substrate NIzFDPP

Figure 4. a) Schematic illustration of grazing-incidence small-angle X-ray scattering (GISAXS) with a 2D image plate. The sample was tilted to the
incident beam with a glancing angle of or = 0.20°. b) GISAXS pattern of NI,PDPP spun on ITO-coated substrate. c) GISAXS pattern of NI,FDPP spun
on ITO-coated substrate. d) Illustration of nearly random-oriented NI,PDPP film with a broad crystallite orientation distribution with respect to the
substrate normal. ) lllustration of highly oriented NI,FDPP film with a preferred out-of-plane orientation.
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current study, it can be seen that conjugated backbone copla-
narity is also capable of influencing the crystallite orientation.
Some studies have revealed intermolecular interactions may
play a significant role in controlling the thin film growth.[26237]
In order to understand the effects of molecular planarity on the
crystallite orientation, we take these interactions into consid-
eration. For NI,FDPP, introducing the furan unit contributes
to the rigidity and planarity of n-conjugated backbone, which
can facilitate the formation of strong cofacial 77 interactions
between the small molecules. The strong intermolecular n—r
interactions subsequently lead other molecules to grow in a
similar face-to-face packing structure, thereby forming a film
with ordered orientation. Thus, the highly oriented alignment
of crystallites is energetically favored, which warrants the con-
nectivity between crystalline regions. Conversely, for NI,PDPP,
the optimized geometry shows that the naphthalimide side
group is nearly perpendicular to the DPP core (Figure 1a).
Because of the twisted backbones, the short-distance intermo-
lecular interactions are hindered. Therefore, the energy induce-
ment of favorable crystalline alignment is decreased. In this
case, the relatively weak interactions between twisted backbone
of NI,PDPP molecules result in a broad spread of crystalline
orientation distribution with respect to the substrate.38l

2.6. Memory Device Performance

Organic memory devices based on NI,PDPP and NI,FDPP
were fabricated as ITO/small-molecule/Al sandwich devices
and the electrical characteristics were evaluated by current—
voltage (I-V) curves in Figure 5. Both the OMDs exhibit ternary
memory behavior with different switching threshold voltages
(Vins). Notably, Vys trend well with the backbone coplanarity.
It is observed that Vs decrease with the reduced molecular
torsion. Moreover, the OMDs can be assigned to the typical
WORM (write-once, read-many-times) type memory materials
according to the following current-voltage sweeps. As shown
in Figure 5a, the NI,PDPP-based device is initially scanned by
appling negative voltage (sweep 1). As the voltage increased,
two abrupt increases in current are observed at about —1.99
and —2.88 V, respectively, indicating the transition from a low-
conductivity (OFF) state to an intermediate-conductivity (ON1)
state, and further to higher conductive (ON2) state. This OFF-
to-ON1-to-ON?2 transition is equivalent to the “writing” process.
The high-conductivity state is retained during the subsequent
negative scan from 0 to —4.0 V (sweep 2) and positive sweep
from 0 to 4 V (sweep 3). By applying a lower negative voltage
from 0 to —2.5 V to another cell of the device, the OFF-to-ON1
transition is also induced at about —2.06 V (sweep 4). Subse-
quent forward and reverse scans from 0 to —2.5 V (sweep 5 and
6) indicate the device remains in its ON1 state. Furthermore,
the ON1-to-ON2 transition is obtained in the same cell when
approaching a voltage of —3.00 V (sweep 7). The ON2 state
could also be maintained for the following negative and posi-
tive sweeps (sweep 8 and 9). NI,FDPP-based device is sequen-
tially investigated and found ternary WORM characteristics as
well with two switching threshold voltages (Vy,s) of —0.98 and
—-1.77 V (Figure 5b). The current ratio of “OFF,” “ON1,” and
“ON2” states is high, which is crucial for the device to realize
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Figure 5. Characteristic current-voltage (I-V) curves of a) NI2PDPP and
b) NI2FDPP based memory devices. Sweep 1-3 are conducted on one cell
of the device, and sweep 4-9 are conducted on another cell.

high-resolution and low error memory effect.’ Furthermore,
the stabilities of these two devices are studied by continuous
voltage stress and readout test (Figure S4, Supporting Informa-
tion). During the test, no obvious degradation is observed in
any of the three states for at least 10 000 s or one hundred mil-
lion (10%) read cycles.

In particular, the Vis of NI,FDPP-based memory devices are
much lower than those of NI,PDPP-based devices (-0.98 and
—-1.77 V compared to —1.99 and —2.88 V), which is more prom-
ising to realize low power consumption property. This can be
attributed to the formation of tight m—r stacking (n-stack dis-
tance =3.60 A) in NI,FDPP film with highly preferred crystallite
orientation. In organic semiconductors, the charge transport in
two principal transport directions (in the plane of the substrate
and along the substrate normal) is usually focused, which dem-
onstrates good correlation with device operation. As the OMDs
have vertically arranged electrodes (top Al and bottom ITO), the
favorable crystallite arrangement along the substrate normal
can align with the direction of principal charge transport and
thus induce the superior memory effect with low Vys.

2.7. Memory Device Reproducibility

To further test the effects of crystallite orientation on the
memory properties, the reproducibility of the memory device

Adv. Funct. Mater. 2015, 25, 4246-4254
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performance was studied. It is noted that the device based on
NLFDPP with highly oriented crystallite alignment displays
more uniform and reproducible memory effects. We inves-
tigated the cell-to-cell uniformity via a statistic on 100 device
cells of memory performances from five pieces of ITO sub-
strates. It is found that for NI,PDPP, only 54% cells show elec-
trical tristability, while for NI,FDPP, the yield is increased into
71%. Moreover, we compare the distribution of the switching
threshold voltages (Vys). As shown in Figure 6, the distribu-
tion of two Vs in NI,PDPP-based device is broad. The first
threshold voltage (Vy,1) varies from —1.2 to —2.4 V and some-
what mainly distributes between —1.8 and -2.1 V (probability
of 60%). The second threshold voltage (V,2) varies from -2.5
to —3.7 V and shows no obvious main distribution. However,
the distribution of two Vys in NI,FDPP-based device is appar-
ently narrower than NI,PDPP. Vi1 is mostly located between
—0.9 and —-1.1 V (probability of 83%) and Vy,2 is mostly located
between —1.6 and —1.8 V (probability of 68%), which suggests
superior reproducibility of memory behavior. Therefore, the
significant discrepancies of yields and onset voltages between
two types of devices confirm that the multilevel memory perfor-
mance is indeed enhanced by improving the preferred crystal-
lite orientations of organic thin films.

2.8. Proposed Mechanism of Memory Effect

Some researches have proven that the formation of metal
conduction filaments in thin film under high electric field
can result in electrical transitions.*” To investigate the pos-
sibility of filament conduction, we introduced a thin layer
of LiF (10 nm) between organic active layer and Al electrode,
fabricating memory devices with ITO/small-molecule/LiF/
Al structure. This layer of LiF is inserted to prevent Al from
penetrating into the organic thin film.*! The electrical charac-
teristics of these fresh memory devices were measured under
the same condition (Figure S5, Supporting Information).
Notably, the observed electrical switching behavior is similar
with that shown in Figure 5, which implies that the switching

1.0
o NI2PDPP NI2FDPP
2 o3
g Vth2
E 0.6 Vth1
] Vth1
° Vth2
= 0.4-
()
- 4
E
3 02
(&) ;
-4 -3 2 -1 0 -1 2
Voltage (V)

Figure 6. The distribution of switching threshold voltages (Vis) of
NI,PDPP- and NI,FDPP-based memory devices. V;,1 represents the first
threshold voltage and V;,2 represents the second one.
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Figure 7. a) DFT molecular simulation results of NI2PDPP and NI2FDPP:
molecular electrostatic potential (ESP), HOMO, and LUMO molecular
orbitals. by HOMO and LUMO energy levels diagram for NI2PDPP and
NI2FDPP along with the work function of the electrodes (ITO and Al).

phenomenon is independent of the filament conduction.
Besides, as the devices exhibit good stability and reproducibility,
it can be concluded that the electrical transitions are intrinsic to
the organic small molecules rather than the metal filaments.[*2]

In order to understand the multilevel memory effects and
electronic properties of NI,PDPP and NI,FDPP, theoretical cal-
culations were performed via the DFT method. The calculated
frontier molecular orbitals and electrostatic potential (ESP)
surfaces of these two molecules were shown in Figure 7a. It
can be noted that the electrons of HOMO orbital mainly locate
on the donors while the electrons of LUMO mainly distribute
on the electron-deficient acceptors. These electron density dis-
tributions of frontier molecular orbitals generally indicate that
the intramolecular charge transfer (ICT) process occurs upon
undergoing the HOMO to LUMO transition.[643]

Figure 7b illustrates the detailed energy levels of molecular
orbitals as well as the work function of electrodes. The hole
injection energy barriers between ITO (—4.8 eV) and HOMO are
estimated to be 0.58 and 0.39 eV for NI,PDPP and NL,FDPP,
respectively, which are both smaller than electron injection
energy barriers (1.12 and 0.80 eV) between Al (4.3 eV) and
LUMO. This implies that hole injection may dominate the
charge conduction process of ITO/small-molecule/Al devices.
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In addition, the calculated molecular surface displays con-
tinuous positive molecular ESP (in gray white) throughout the
conjugated backbone (Figure 7a), which forms an open channel
for charge carrier migration. However, negative ESP regions
(in black) resulting from the DPP and naphthalimide acceptors
also exist. These negative regions could act as “traps” to impede
the motion of charge carriers.?**l Under a low negative bias,
charge carriers could not get adequate energy to overcome the
injection barriers between the donors and acceptors. Thus,
the device remains in the OFF state. When the first threshold
voltage (Vy,1) is approached, charge carriers gradually get suf-
ficient activation energy and inject from the donors to accep-
tors. Therefore, the device shows enhanced conductivity and
switches from OFF to ON1 state. However, the traps caused by
different acceptors may not be filled simultaneously: the trap
of DPP is completely filled while the trap of naphthalimide is
partly filled. This is probably due to the larger depth of naph-
thalimide trap, which corresponds to the stronger electron-
withdrawing ability of naphthalimide than DPP.**] When
applying a higher V2, the accumulated carriers with sufficient
injection energy will fill the trap of naphthalimide, leading to a
high-conductivity (ON2) state. Thus, the device exhibits multi-
level memory effects, attributed to the two charge traps arising
from the different electron-withdrawing abilities of naphthal-
imide and DPP acceptors.**®) Moreover, the trapped charge
carriers could be stabilized by the intra- or intermolecular
charge transfer at the excited state, forming a charge-separated
state.*#b:46] These trapped carriers could not be easily released
after removing the power supply or under reverse electric field.
Consequently, the resulting high-conductivity state could be
long-time maintained, indicating that the device shows WORM
memory characteristics.

3. Conclusions

In summary, we have synthesized two DPP-based small mol-
ecules with different molecular geometries. DFT calculation
shows that the backbone coplanarity is apprently enhanced by
replacing phenyl rings with furans. Interestingly, we have found
that the highly planar NI,FDPP induces out-of-plane crystallite
alignment in thin film with respect to the substrate normal,
while the nonplanar NI,PDPP displays less ordered packing
with a broad distribution of crystallite orientation relative to the
substrate. Through molecular planarity modulation, the crystal-
lite orientation is well controlled. The highly preferred crystal-
lite orientation is essential for the small molecule-based OMDs
to obtain efficient multilevel memory performance (e.g., low
energy consumption). In addition, this oriented arrangement
favors uniformity in thin film, and thus, produces OMDs with
good stability and reproducibility of memory effects. These
findings reveal that high-performing m-conjugated materials
can be achieved by strategic design of solid-state properties.

4. Experimental Section

Device Fabrication and Characterization: The memory devices
based on the two small molecules were prepared on indium-tin-oxide

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(ITO)-coated glass substrates. The ITO-coated glass substrates were
precleaned with soap water and ultrasonicated for 20 min each in water,
acetone, and ethanol sequentially. NI,PDPP and NI,FDPP solutions were
prepared in chlorobenzene respectively at a concentration of 10 mg mL™!
and ultrasonicated for complete dissolution. After filtering through
0.22 pm pore size of syringe filter, the filtrates were spin-coated onto
each substrate at a speed of 300 RPM for 6 s, followed by 1500 RPM for
30 s to form thin films on the ITO-coated glass substrates. Finally, the
top Al electrodes of about 100 nm in thickness were thermally evaporated
and deposited onto the organic layer surface at about 107 Torr through
a shadow mask with circular patterns. The active area of the memory
device cell was 0.126 mm? (a nummular Al spot with radius of 0.2 mm).
Under ambient air condition, the |-V measurements of the devices
were characterized by a HP 4145B semiconductor parameter analyzer
equipped with a HP 8110A pulse generator.
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Supporting Information is available from the Wiley Online Library or
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