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Abstract: A one-time programmable metal-molecule-metal device, with a modified Rotaxane LB film as the functional

layer,is proposed for potential use in organic programmable and fault tolerant circuits like inorganic anti-fuse devices used

in field programmable gate arrays. All fabrication methods involved are low temperature processes,ensuring that this de-

vice can be integrated with other organic devices. Electrical measurements show that this device has a good one-time pro-

gramming capability. Its break down voltage is 2. 2V, off-state resistance is 15k}, and on-state resistance is 54Q. These

characteristics come from the penetration of metal atoms into molecular film under high electronic field.
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1 Introduction

In recent years, organic semiconductors have
made significant progress in electronics applications
such as displays, memory arrays,smart cards, and in-
ventory tags'''. Using organic devices, functional cir-
cuits such as inverters, ring oscillators'', rectifiers®',
frequency dividers'"', differential amplifiers'"', flip-
flops®’, and shift registers'®
Several organic programmable devices have also been
developed. Lai et al."™ developed switch devices with
stable “read-write-read-erase” cyclic programming
characteristics using poly n-vinylcarbazole film. Wu
et al .'* developed 30nm crossbar circuits with organ-
ic thin film for reprogramming applications. Organic

have been fabricated.

programmable devices are expected to have a huge
impact in applications of organic memory, ficld pro-
grammable gate arrays (FPGA), and fault tolerant
circuits.

In this paper,we demonstrate the fabrication and
characteristics of a one-time programmable metal-
molecule-metal device,which can be used for organic
memory, FPGA, and fault tolerance designs. This de-
vice is a two terminal device with a very high resist-
ance in an un-programmed state and can be pro-
grammed by applying a voltage pulse that creates a
low resistance link between the two terminals™ .
Using an organic molecular LB film as the functional
layer,the device can be completed through low tem-
perature processes, which is necessary to fabricate or-
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ganic circuits. The characteristics of this device inclu-
ding the breakdown characteristics, on/off-state re-
sistance (R,./R.),and life time are obtained by ex-
periments and analysis. According to the analysis, this
device is suitable for constructing organic program-
mable circuits with low operating voltage organic
field effect transistors (OFET) having high-k dielec-
tric materials.

2 Experiment

The bistable Rotaxane synthesis was performed
in the key laboratory of the Organic Solid Institute of
Chemistry of the Chinese Academy of Sciences,simi-
lar to the report in Ref. [10]. Some modifications
were performed. In order to enhance the interaction
between the tetrathiafulvalene (TTF) unit and the
ring component, the -SMe part is removed. Also, the
possibility to form LB film is improved by replacing
the hydrophobic tetraarylmethane-based stopper by a
larger flexible ramiform group. The molecular formu-
la of the modified Rotaxane is shown in Fig. 1. The
inset in Fig. 2 shows the configuration of this device.
It was fabricated onto a 200nm-thick silicon nitride
(SiN,) film deposited by low pressure chemical vapor
deposition (LPCVD) on silicon wafer. First,an 8nm-
thick Au bottom electrode with 10nm-thick Cr as an
adherent layer was fabricated through photolithogra-
phy and lift-off processes. Then a Rotaxane monolay-
er was deposited onto the sample by LB film method.
Exposed in the air for a long time, the organic thin-
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Fig.1 Modified molecular structure of Rotaxane

film will degrade. So a protective layer of 20nm-thick
Ti film was deposited to cover the organic film by
electron beam evaporation immediately after the LB
process. This Ti film protects the organic film in two
aspects:one is to separate the LB film from air;and
the other is to prevent the photo-resist and organic
solvent in later processes from contacting and dama-
ging the functional thin film. Next,on the protective
layer, the top electrodes with 10nm-thick Cr and
80nm-thick Au were fabricated by the same process as
the bottom Cr/Au electrode. Finally,the Ti protective
layer was etched by inductive coupled plasma (ICP)
with CHF; and O, at the power of 50 and 400W to
finish the fabrication. All these treatments above are
low temperature (nearly room temperature) processes
and are compatible with processes used in organic cir-
cuits,such as inkjet printing,spin coating,etc.

3 Results and discussion

The I-V characteristics of this device were meas-
ured on a Keithley 4200 Semiconductor Characteriza-
tion System with a CASCADE RF 1 probe station in
ambiance at room temperature. Figure 2 shows the
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Fig. 2  Typical I-V characteristic of a 2pm X Zpm metal-
molecule-metal device obtained by applying positive bias voltages to

the upper electrode first, following a negative voltage The inset

picture is the schematic cross configuration of this device.

typical I-V characteristic of the device. The bias volt-
age of the top electrode sweeps from zero to a posi-
tive value first (curve 1), then it decreases to zero
(curve 2) and sweeps to a negative value (curve 3).
Finally,it sweeps back to zero (curve 4). We took
many measurements. Most of the breakdown voltages
( Vw) are about 2.2V. According to the guide
rules-'" , the programming voltage (V,,) was analyzed
to be 2. 5V. The off-state resistance (R.;) of this de-
vice is about 15kQ. Once programmed,the device be-
comes an ohmic resistor with a mean resistance of
54Q . The ratio of on/off current is nearly 3 X 10*. Af-
ter programming, even when a negative voltage was
applied, the device remained in the on-state,showing
a one-time program capability.

Generally,the Rotaxane film in a crossbar circuit
is bistable and can be written and erased many

times 2~

due to its special molecular structure,
which has a moveable molecular ring between two
supporting molecular groups. That our device is irre-
versible after programming from off-state to on-state
may be because of the removal of the -SMe molecular
group, the reaction between the organic molecular
film and metal electrode'
evaporated metal atoms through the organic monolay-
er''® when applying the bias voltage to form high

conductive links.

, or the penetration of

In order to make clear which one above is re-
sponsible for this conversion, a different device con-
figuration, which has a single layer of gold film
(80nm) deposited through a shadow mask as the top
electrode and having a symmetrical configuration, has
been fabricated. About 20% of the devices show bi-
stable characteristics (Fig. 3 (a)),which demonstrates
that our modified Rotaxane LB film is multi-time
programmable,i.e. ,one-time programmable capabili-
ty is not an intrinsic characteristic of this film. How-
ever,the ratios of on/off current of the bistable de-
vices decrease when the number of write-erase cycles
increases and change to 1 finally,so these bistable de-
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Fig.3 Typical I-V characteristic of a 2um X 2um metal-mole-
cule-metal device with a top electrode of single layer gold film
(a) Multi-time programmable characteristic; (b) One-time pro-

grammable characteristic The positive V4 of both is 1. 4V.

vices will not harm the application of our device as a
large scale array. A great number of these devices
show a one-time programmable characteristic (Fig. 3
(b)). The Vi of both one-time and multi-time pro-
grammable devices are 1. 4V ,or 0. 8V lower than that
of the asymmetrical configuration. Due to the extra
thin Rotaxane film (2~3nm),applying a small volt-
age (1 ~2V) will produce a tremendous electronic
field (10MV/cm) between the two metal electrodes.
This extra high field gives the metal atoms energy
high enough to penetrate the film, leading to a one-
time program characteristic of the device.

Figure 4 shows a tight distribution histogram of
the on-state resistance, R,,. The mean value of R,, is
540 ,which demonstrates that a high conductivity link
is formed in the programmable device and the parasit-
ic resistance associated with the electrode resistance is
very low. Thus, this one-time programmable device
has a great advantage as an interconnect device """ .

One important task in determining the feasibility
of programming devices is to examine their life time.
Typical electrical field accelerated tests were carried
out in order to study this performance under normal
operating conditions. Figure 5 shows the plot of life-
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Fig.4 Histogram of on-state resistances for 2um X 2um metal-
molecule-metal device programmed with voltage pulses of 2. 5V
Programming pulses were applied to the upper electrodes.

time as a function of reciprocal of bias voltage. Time
to breakdown (T) of the device operating at 1.5V
is extrapolated to be more than 10°s. This T, can be
improved by increasing the thickness of the organic
layer.

Typical applications of this one-time programma-
ble device are organic programmable circuits, such as
FPGA and fault tolerant circuits in which it is used as
an interconnect device and organic transistors"'®'
logic components. Using high-k SrBi, Ta,O, films as a

as

gate insulator and pentacene as a semiconductor, Han
et al .'"* have fabricated OFET with a very low work-
ing voltage (4V) and threshold voltage (0. 64V) . Choi
"I have also demonstrated an OFET with a low
operating voltage (2.5V) and threshold voltage
(0.1V) using high-k Bi; sZn, (Nb, ;O; film as the di-
electric and pentacene as an active layer. These volta-
ges can be further reduced by decreasing thickness or
increasing the dielectric constant of insulating films.
Thus, this metal-molecule-metal device can be effi-

et al.

ciently integrated with these low operating voltage
organic transistors due to their similar fabrication
processes,and can provide programmable capabilities
to the organic circuits, which are essential for pro-
grammable and fault tolerance applications.
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Fig.5 Time breakdown plot of the metal-molecule-metal de-
vice
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4 Conclusion

In this paper, a one-time programmable metal-
molecule-metal device was fabricated through low
temperature processes and characterized. This device
has a break down voltage of 2. 2V, leading to a pro-
gramming voltage of 2. 5V. It has an off-state resist-
ance of 15kQ and a mean on-state resistance of 54Q).
The life-time is more than 10°s under programmable
voltage. Integration with this device as the program-
mable interconnect device and low operating voltage
organic transistors as logic components will make
many future organic programmable circuits such as
FPGAs,and fault tolerant circuit,into application.

The authors would like to thank
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