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Small Molecular Organic Nonvolatile Memory Cells
Fabricated with in Situ O, Plasma Oxidation

Sung-Ho Seo, Wo00-Sik Nam, and Jea-Gun Park

Abstract—We developed small molecular organic
nonvolatile 4F* memory cells using metal layer
evaporation followed by O, plasma oxidation. Our
memory cells sandwich an upper a-NPD layer, Al
nanocrystals surrounded by AlL,Q;, and a bottom -
NPD layer between top and bottom electrodes. Their
nonvolatile memory characteristics are excellent: the
Vi, Vp (program), V. (erase), memory margin
(Lon/Losr), data retention time, and erase and program
endurance were 2.6 V, 5.3 V, 8.5 V, 1.5x107, 1x10%,
and  1x10°
demonstrated symmetrical current versus voltage

cycles, respectively, They also
characteristics and a reversible erase and program

process, indicating potential for terabit-level

nonvolatile memory.

Index Terms—Organic nonvolatile memory, a-NPD,
O; plasma, Al nanocrystals

L. INTRODUCTION

It has recently been reported that small molecular
organic devices fabricated with a sandwich structure of
top metal layer, small-molecular organic layer, middle
metal layer, conductive organic layer, and bottom metal
layer demonstrated nonvolatile memory behaviors such as
I, (reading after programming)/I ¢ (reading after erasing)
of greater than 1x10' and response times of ~10 ns. The
organic conductive layers of these devices are AIDCN (2-
amino-4, S-imidazoledicarbonitrile), Alq; (Aluminum tris
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(8-hydroxyquinoline)), and  N,N’-bis(1-naphthyl)-1,
I’biphenyl4-4”’diamine (a-NPD) [1-8]. These small
molecular organic nonvolatile memories need to use Al
nanocrystals produced by aluminum (Al) evaporation at
rates below 0.3 A/s in the middle metal layer. As a result,
they show very bad reproducible bi-stable switching
current versus voltage (I-V) characteristics because the
shape and distribution of Al nanocrystals embedded in
small molecular organic layers are, respectively, irregular
and nonuniform [9]. The current conduction mechanism
by which they achieve nonvolatile memory could not be
clarified because reported experimental results have not
been repeatable [9~12]. Therefore, we proposed a new
fabrication process that produces uniform metal
nanocrystals (metal layer evaporation followed by in situ
O, plasma oxidation) and used it to make 4F> memory
cells with a sandwich structure with o-NPD layers
separating the top and bottom Al electrodes from a middle
layer consisting of Al nanocrystals surrounded by ALOs.
We then tested the devices’

characteristics such as memory margin, data retention

nonvolatile memory

time, and endurance of erase and program cycles.

II. EXPERIMENTS

The 4F* crossover memory cells were fabricated with
a sandwich structure consisting of bottom Al electrode,
lower conductive organic layer (a-NPD), Al nano-
crystals surrounded by AlLOs, upper conductive organic
layer (a-NPD), and top Al electrode, as shown in Fig. 1.
To isolate them from the substrate, the crossover cells
are fabricated on thermally grown SiO, on the Si wafer.
To avoid contamination (e.g. H, O, N, Cl, and F atoms),
all fabrication processes were carried out in the same
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Fig. 1. Organic nonvolatile 4F? memory cell with Al/a-NPD/
(Al nanocrystals surrounded by ALO,) /o-NPD /Al device

structure: (a) memory cell and (b) chemical structure of a-NPD.

evaporator without breaking vacuum. The 80-nm-thick
bottom Al electrode was thermally evaporated at a rate
of 5A/s at a chamber pressure of 10”° Pa by using a first
shadow mask with a line width of 1 mm. The 30~50-nm-
thick lower conductive organic layer (u-NPD) was
thermally evaporated at a rate of 1.0 A/s using a 7-mm-
square second mask.

Next, the middle Al layer was thermally evaporated at a
rate of 1.0A/s using a 4-mm-square third shadow mask,
and the wafer was transferred to the O, plasma chamber
(5x10™ Pa, 200 Watt, 40 volts, and 300 seconds) to oxidize
the Al middle layer (Al nanocrystals surrounded by ALO;).
After this step, the surface morphology and chemical
composition of the middle Al layer were observed using
AES and XPS. Next, the second 35-nm-thick conductive
organic layer (0-NPD) was thermally evaporated at a rate of
1.0 A/s using a 7-mm-square fourth mask. Finally, the 80-
nm-thick top Al electrode was thermally evaporated at a
rate of a 5 A/s using a fifth mask, which was cross
patterned against the bottom Al electrode. All memory
fabrication processes were carried out in an in situ multi-
chamber apparatus simply by changing and aligning the
masks. After fabrication, we first evaluated the current
versus voltage (I-V) characteristics of the crossover cells.
The sample for cross-sectional transmitted electron-
microscopy (X-TEM) observation was prepared using
rough and fine focused-ion-beam (FIB) etching. The crystal
structure of the Al nanocrystals was characterized using
ultra-high-voltage TEM (1.2 MV).

II1. RESULTS AND DISCUSSIONS

We first examined whether the devices described
above had the potential for memory behavior. Fig. 2(a)
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Fig. 2. Electrical characteristics of organic 4F” nonvolatile memory
cell: (a) DC I-V curves and (b) symmetrical reversible I-V.

shows the I-V characteristics of our 4F* memory cells.
The current increased slightly at applied biases from 0
V up to Vi, (2.6 V). This current is called L, and the
state of the cell when I flows is called either the low-
current state or the high-resistance state. The current
increased abruptly at applied biases from Vy to V,
(program voltage: 5.3 V) and then decreased as applied
bias increased from V, to V. (erase voltage: 8.5 V),
showing a negative differential resistance (NDR) region
(see the inset in Fig. 2(a)). Finally, the current increased
slightly at applied biases above V. (8.5 V up to 10 V),
which follows another low current state (called the
second low current state). Note that the current path of
I« is extended to the second low current state if the
crossover cell is fabricated with a conductive organic
layer (a-NPD) without Al nanocrystals surrounded by
Al,O;. After the first applied voltage was swept from 0
to 10 V (called erase), as shown in a in Fig. 2(a), the
second applied bias was swept from 0 to V, or 5 V
(called program), and then the current followed the high-
resistance state (I,g). After the second applied bias (5 V:
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program voltage) was swept, as shown by line b in Fig.
2(a), the third applied bias (reading after program) was

again swept from 0 to V,, (5 V), as shown by line ¢ in Fig.

2(a), and then the current followed I,,. This shows that
the device reads I (the low current state) at 1 V after
erase (biasing 10 V above V.). Otherwise, the device
reads L, (the high current state) at 1 V after program
(biasing 5 V or V,). Surprisingly, the ratio of I,, to Iog
(memory margin) is =~1.5x10% which is a sufficient
current difference (bistable resistance difference) for
nonvolatile memory behavior. After the third applied
bias (5 V: reading after program), was swept, as shown
by line ¢ in Fig. 2(a), the fourth applied bias (erase
following reading after program) was swept from 0 to 10
V, as shown by line d in Fig. 2(a), and then the current
followed I, Vp,, NDR, and second low current state. The
symmetry of the I-V characteristics between the positive
and negative applied voltages gives us another way
being non-volatile memory behavior. For example, the
device reads I at 1 V after erasing in the negative bias
region (biasing —10 V) but reads I, at 1 V after
programming in the negative bias region (biasing -5 V).
The Vg, V,, and V. values obtained in several 4F*
memory cells were uniformly distributed. Figure 2(b)
shows the I-V characteristics of other 4F* memory cells
as a reference for whether or not our memory cell can
reversible process to charge or discharge electrons on Al
nanocrystals while bias is applied. The current followed
the Iyr, Vi, Vp, NDR, and V., above V. (second low
current state) path when the applied bias was swept from
0 to 10V, as shown by line a in Fig. 2(b). After erase, the
current path followed the second low current state, V.,
NDR, V,, and I, when the applied bias was swept back
from 10 to 0 V, as shown by line b in Fig. 2(a). The
current path shown by line d in Fig. 2(a) is very similar
to the current path shown by line b in Fig. 2(b). The
small current path difference between line d in Fig. 2(a)
and line b in Fig. 2(b) is associated with the process
difference in which the current path shown by line b in
Fig. 2(b) precedes reading after program and is followed
by erase, while the current path shown by line d in Fig. 2
(a) does program at the second low current state,
followed by erase. The symmetrical I-V characteristics
in the negative applied bias region were repeated like
those in the positive applied bias region. It is obvious
that this memory cell has a reversible process for erase

and program, which would produce erase and program
endurance cycles sufficient for a commercial non-
volatile memory. In addition, the symmetrical I-V for
both positive and negative applied bias in small
molecular organic non-volatile memory is completely
different from that in resistive random-access memory
[1-6, 13-17].

We also observed our 4F* memory cell physically and
chemically. An X-TEM image of one of the 4F* memory
cells we fabricated is shown in Fig. 3(a).
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Fig. 3. Physical and chemical analysis of an organic nonvolatile

4F* memory cell: X-TEM image (at a 200-kV acceleration
voltage), (b) magnified X-TEM image (at a 1.25-MV
acceleration voltage), (¢) XPS profile, and (d) EDS profile.



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.8, NO.1, MARCH, 2008 43

The thicknesses of the upper a-NPD layer, the middle
layer, and the lower o-NPD layer were, respectively,
about 38.34, 20.09, and 36.29 nm. A magnified X-TEM
image (obtained at a 1.2-MV acceleration voltage) of the
cell shown in Fig. 3(a) is shown in Fig. 3(b), where both
the height and width of the uniformly distributed Al
nanocrystals can be secen to be about 20 nm. The
nanocrystals were well isolated from one another by the
insulating AlLO; surrounding them, and the isolation
distance was less than 5 nm. The chemical composition
of the middle metal layer surface was obtained using X-
ray photoelectron spectroscopy (XPS) and is shown in
Fig. 3(c). The surface of the middle metal layer was
composition profile of Al (binding energy: 72.8 e¢V) and
ALO; (binding energy: 75.2 eV). In addition, the
chemical composition profile of the X-TEM image in
Fig. 3(b) was observed using energy dispersive x-ray
spectrometry (EDS) and is shown in Fig. 3(d). The
oxygen signal was delineated in the middle nanocrystal
layer. From Figs. 3(a-d), it is evident that Al
nanocrystals embedded in the o-NPD layer are well
oxidized, isolated from one another, and thus covered by
the insulating AL, O;. These physical and chemical results
clearly indicate that metal layer evaporation followed by
in situ O, plasma oxidation is an excellent process for
fabricating a reliable small molecular organic nonvolatile
memory embedded with Al nanocrystals surrounded by
insulating Al,O;.

We estimated non-volatile memory characteristics,
such as data retention time and endurance characteristics
of erase and program cycles, for our small molecular
organic nonvolatile memory, as shown in Fig. 4. The I,
(reading at 1 V after program of 5 V) was =1.5x10™ A,
while the I (reading at 1V after erase of 10 V) was
~2.5x10° A. The ratio of Ln to Ios (memory margin) is
~6x10', which is a sufficient current difference for
nonvolatile memory behavior, as shown in Fig. 4(a).
None of the current levels for the states changed
significantly after a retention time of 1x10° sec,
indicating that our memory may be nonvolatile from the
viewpoint of data retention time. More evaluation about
data retention will be done in the future. Figure 4(b)
shows our memory cell’s endurance characteristics for
erase and program cycles. The ratio of I, (reading at 1 V
after program of 5 V) to I g (reading at 1 V after erase of
10 V) is =2.7x10". None of the current levels for the

L AL, e RN —
Onstate @ 1 Vafter5V

Do OOIH

"y
(=1
s

1/l ratio
1 5.9X101

Current (A)
5

e
o
&

sl Off state @ 1 V after 10V

10-7 L 4 5 4 ! i
10" 10 10* 10° 10 10
Time (s)
(@)
10™ 1
. et

@

-1, @1V after 5V program

lon”off ratio 4
1 2.7X101
— 1, @1V after 10 V erase

b,

Current (A)
)

-
S,
2]

0 150 300 450 600 750 900 1050
No. of erase and program cycles
(®
Fig. 4. Electrical characteristics of organic 4F> nonvolatile
memory cell: (a) pulse retention and (b) DC endurance.

states changed significantly after erase and program
cycles of 1x10°. This result indicates that our memory
may be nonvolatile from the viewpoint of erase and
program cycle endurance characteristics. We will further
evaluate the commercial level of nonvolatile memory in
the future.

IV. CONCLUSIONS

The process used to fabricate reliable and uniform Al
nanocrystals embedded in conductive organic layers is
key engineering issue in producing reliable small
molecular organic nonvolatile memory cells. Metal layer
evaporation followed by in situ O, plasma oxidation
produces much more reliable layers than Al evaporation
at rates below 0.3 A/s. Devices fabricated with in-situ O,
plasma oxidation showed reversible current path for
erase and program. That is, they exhibited nonvolatile
memory behavior. The ratio of I,, to I (memory
margin), data retention time, and erase and program
endurance were ~1.5x10% 1x10°s, and 1x10° cycles,
respectively. These experiments will contribute to the
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development of a small molecular nonvolatile memory
with multi-current states in one 4F> memory cell
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