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Currently, most data-storage systems based on semiconductors1

or optical2 or magnetic3 materials are binary and have two output
signals: 0 and 1. To achieve high-density data storage (HDDS),
physical scaling limitations (simply reducing the bit cell size4) have
been adopted by most scientists. Nowadays, although the theoretical
data density has increased to the terabit scale while the domain
size has been scaled down to the nanometer scale,5 many new
problems such as difficulties in nanofabrication and data writing
and reading6 have hindered the development of HDDS devices.
Another effective alternative for increasing data storage is to
increase the number of memory states in each cell (i.e., to have
memory states 0, 1, 2, ...). Such devices have been less-explored,7

partly because of the lack of appropriate materials. The Agarwal
group first reported the ternary storage behavior of Ge2Sb2Te5/GeTe
core/shell nanowires, which contain two phase-change materials
with different electronic and thermal properties and thus have three
distinct electronic states. In the last several years, the Scott,8 Huang,9

Kang,10 and Ree11 groups have reported sandwich-structured
memory devices fabricated using polymeric materials containing
electron-donor and -acceptor moieties that exhibit good electric
bistable behavior with an ON/OFF current ratio of 104-106. Herein,
we report the fabrication of a prototype ternary memory device
with a novel small organic molecule as the active material. The
molecule exhibits promising ternary behavior under an electric field,
increasing the data-storage capacity of the device from 2n to 3n.

Compound Azo1 was synthesized by the reaction of N,N-dimethy-
laniline with a diazonium salt (Scheme 1). The Azo1 molecule is
symmetric about the sulfone group and has two 4′-(N,N-dimethylami-
noazobenzene) components. Compounds Azo2-4 were synthesized
as controls and have structures similar to that of Azo1.12

Figure 1A illustrates the structure of our prototype memory
device, which is a sandwich structure comprising a pair of electrodes
and a layer of Azo film. Azo molecules were deposited on an indium
tin oxide (ITO) substrate (∼20 nm) via vacuum deposition at 3 ×

10-4 Pa. The film thickness was about 75 nm, as measured by
scanning electron microscopy through a cross section of the film
(Figure 1C). Al top electrodes (0.2 mm diameter and 80 nm
thickness) were thermally deposited on the film with a mask and
are easily identified in Figure 1B.

The current-voltage (I-V) characteristics of the device were
determined using an HP 4145B semiconductor parameter analyzer.
Figure 2A shows the I-V performance of the device fabricated with
Azo1. In the first sweep from 0 to -3.0 V, two abrupt increases in
current were observed at switching threshold voltages (STVs) of -1.37
and -2.09 V, indicating the transitions from a low-conductivity (“0”)
state to an intermediate-conductivity (“1”) state and then to a high-
conductivity state (“2”). The cell remained in this high-conductivity
(“2”) state during the subsequent scan from 0 to -3 V (sweep 2).
Sweep 3 was the measurement of another cell of the device over a
voltage range of 0 to -1.7 V and showed one STV at -1.45 V. The
intermediate-conductivity state (“1”) was maintained during the
subsequent scan from 0 to -1.7 V (sweep 4). These two actions
represent the process of “writing” the memory device. It is worth
mentioning that our device is highly stable after proper data writing
and that a constant voltage (-1.0 V, for example) can be employed
to read the “0” (low-conductivity), “1” (intermediate-conductivity), and
“2” (high-conductivity) signals of the memory device (Figure 2B). The
stability performance of our device based on Azo1 was evaluated, and
Figure 2B shows the device performance under continuous stress. There
is no significant degradation in any of the three states. The three states
of the ternary memory cell are distinct; the current ratio of the “0”,
“1”, and “2” states is 1:102:106. This device exhibits typical write-
once read-many-times (WORM) behavior. The “writing” voltage is
between 0 and -3 V, and the “reading” voltage is between 0.25 and
-1.3 V. The I-V performances of Azo2-4 were measured under the
same conditions. Azo2 showed no distinct current change as the voltage

Scheme 1. Molecular Structures of Azo1-4

Figure 1. (A) Illustration of the sandwich device. (B) Optical image of
the prototype device. (C) SEM image of a cross section of the device.
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was reduced from 0 to -4 V. Azo3 and Azo4 had binary data storage
behaviors with operation voltages of -1.7 and -3.6 V, respectively.12

To determine the I-V performance, the structures of Azo1-4 were
analyzed using density functional theory (DFT) molecular simulations.
Highest unoccupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) calculations (Figure 2C) demonstrated that
the electron density at the azo group increases with electron injection
(LUMO-1) and that further injection of electrons increases the electron
density at the sulfone group (LUMO-2) to form an free path for
electrons along the whole molecule. Figure 2D shows the electrostatic
potential (ESP) of the Azo1 molecule. The molecule surface has a
continuous positive ESP (in red) along the conjugated backbone, which
indicates that charge carriers can migrate through this open channel.
However, there are negative ESP regions (blue lobes) caused by
electron-acceptor groups. These negative regions can serve as “traps”
that impede the mobility of the charge carriers. The electron-flow
mechanism at molecular level is also illustrated in Figure 2D. In the
first stage, electrons fill the first trap. When the applied voltage is
increased to -1.4 V, ∆E1 increases, making the first trap sufficiently
shallow for the molecules to become partially conductive. As the
applied voltage is increased to -2.1 V, ∆E2 reaches a maximum, and
the whole molecule becomes conductive.

X-ray diffraction (XRD) analysis was carried out to clarify the
conduction mechanism at the device level. The XRD results (Figure
S3 in the Supporting Information) show that the Azo1 film has two
sharp diffraction peaks at 29.9 and 34.9°. These peaks show the planar
distance of the aromatic rings and demonstrate that the molecules are
well-stacked. We further checked the XRD of the thin film after adding
an external voltage of 3 V and found that the peaks shifted to 30.6
and 35.5°, demonstrating that the planar distance between the aromatic
rings is reduced and thus that the molecular stacking is denser. The
molecular packing model and thin-film conduction mechanism are
shown in Figure 2E. Shortening of the distance of the aromatic rings
generates two free paths for electrons at LUMO-1 via intermolecular
interactions, resulting in a partially conductive thin film. At LUMO-
2, the whole Azo1 molecule becomes conductive, and a broad electron
path forms via intermolecular interactions, resulting in a fully conduc-
tive thin film. The film thickness and size of the unit cell have little
effect on the I-V performance of the device, and the same phenom-
enon was observed for different dimensions (Figure S5).

Figure 3 shows the ternary data storage performance of our prototype
device fabricated with Azo1. We selected 18 cells of the device, and
each cell was written as 0 or 1 or 2. Cells were combined into nine

pairs and could be read as 00, 01, 02, 10, 11, 12, 20, 21, and 22 (i.e.,
ab in ternary). These signals can be easily identified as 0, 1, 2, 3, 4,
5, 6, 7, and 8 (i.e., N in decimal) following the simple equation N )
a × 31 + b × 30. Compared with a traditional binary system, the
capacity of our device increased from 2n to 3n.

In summary, we fabricated a small-molecule (Azo1)-based device
that has unexpected ternary I-V performance under a constant reading
voltage. This prototype device consumes less power and is easier to
scale than traditional devices. We believe that our result is promising
for the development of an ideal ternary memory system and will open
the door to the development of next-generation HDDS devices.
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Figure 2. (A) I-V characteristics of the memory device fabricated with
Azo1. (B) Stability of the device in three states under a constant “read”
voltage of -1 V. (C) DFT molecular simulation results (B3LYP/6-311G*
level): LUMO-1, LUMO-2, HOMO. (D) Molecular simulation results for
ESP surfaces of Azo1 and the proposed electron-flow mechanism at
molecular level. (E) Molecular stacking model and illustrations of the
conducting channels of the stacking molecules.

Figure 3. Ternary data storage performance of our prototype device. All
of the measurements were conducted under ambient conditions.
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