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A Study on the Negative Differential Resistance in Dipyridinium
Self-Assembled Monolayers Using STM

Nam-Suk Lee*, Hoon-Kyu Shin* and Young-Soo Kwon t

Abstract - Organic monolayers were fabricated onto Au(111) substrate by self-assembly method
using dipyridinium. Also, organic single molecule in the organic monolayers was selected to measure
the current-voltage (I-V) curves by using the ultrahigh vacuum scanning tunneling microscopy (UHV-
STM). The organic molecule used in the experiment was dipyridinium dithioacetate, which contains
thiol functional group and can be self-assembled easily onto Au(111) substrate. The concentration of
dipyridinium dithioacetate for self-assembly procedure was 1 [mM/L]. To confirm the formation of
self-assembled monolayers (SAMs), the differences of thickness of the self-assembled organic
monolayers were observed by using an ellipsometer, and the morphology and I-V curves of the SAMs
were investigated by using UHV-STM. The applied voltages were from -2 [V] to +2 [V], temperature
was 300 [K]. The vacuum for measuring current of the organic single molecule was 6 x 107 [Torr]. As
a result, properties of the negative differential resistance (NDR) in constant voltage were found.
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1. Introduction

The discovery of negative differential resistance (NDR)
in single molecule opened a new chapter in molecular
electronic devices[1]. The phenomenon of NDR is
characterized by decreased current when the applied
voltage is increased. The NDR property is defined by
electronic components, including the Esaki diode and,
resonant tunnelling diodes (RTD){2]. Recently, a kind of
molecular devices which shows NDR property clearly was
found. Some examples of organic systems have been
demonstrated. In order to understand NDR phenomenon in
single molecule, we need further work.

This study produced a self-assembled monolayer using a
self-assembly method in order to investigate the electrical
properties of single molecule[3,4]. Self-assembly is a
phenomenon in which atom, molecules, or groups of
molecules arrange themselves spontaneously into regular
patterns and even relatively complex systems without
external equipment. The research suggests that they can
make a molecular arrangement, and image of the surface of
an the organic monolayers by using a ultrahigh vacuum
scanning tunneling microscopy (UHV-STM). Moreover,
the method of the measurement of the Current-Voltage (I-
V) properties can be used by scanning the electrical
properties of the formed organic monolayers by using a
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scanning tunneling spectroscopy (STS).

2. Experiment
2.1 Materials

The specimen used in this study was an organic molecule
of [4-{4[4-(4- {1-[4-(4-acetylsulfanyl-phenylethynyl)-pheny
1]-2,6-diphenyl-pyridinium-4-yl1}-pheynyl)-2,6-diphenyl-py
ridinium-1-yl]-phenylethynyl }-phenylthioacetate] (dipyridi
nium dithioacetate) which was synthesized by the Korea
Research Institute of Chemical Technology. The chemical
structure of dipyridinium dithicacetate used in this study
was shown in Fig. 1.
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Fig. 1 Chemical structure of dipyridinium dithioacetate
2.2 Au(111) Substrates

A single-crystal silicon wafer was cut into 5 [mm] x 5
[mm] sheets and then cleaned for 30 [min.] in a hot (40
[C]) fresh acidic peroxide (H,SO,:H,0,=3:1) solution,
rinsed with flowing distilled water, ethanol, and acetone,
and the pieces of Si were dried in flowing ultrahigh purity
N, gas[3]. The Au films were deposited by thermal
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evaporation of 100 [nm] thick Au onto the Si sheets at a
rate of 0.1 [ A/S] under a vacuum of 1.8 x 107 [Torr] and
annealting for 8 [h.] at 550 [TC]. The Au samples were
finally stored in a N, atmosphere. Before use the Au
substrates were cleaned by a UV/O; cleaner (NL-UV253)
for 10 [min.] in order to remove organic contamination,
followed by ultrasonic cleaning in ethanol for 20 [min.] to
remove the resulting Au oxide layer, rinsing with ethanol
and acetone, and then drying in flowing N,. Fig. 2 shows
the schematic diagram of fabrication of Au(111) substrates.
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Fig. 2 Schematic diagram of process for the Au(111)
substrate

2.3 SAM Preparation

The dipyridinium (3.4 [mg]) was dissolved in a solvent,
DMF in a 3 [mL] vial. A clean gold substrate was then
immersed into the solution at room temperature for a
period of 24 [h.] and kept in the dark during immersion to
avoid photo-oxidation[4]. After the assembly, the samples
were removed from the solutions, rinsed thoroughly with
methanol, acetone, and CH,Cl,, and finally blown dry with
N,. Under these conditions, we measured electrical
properties of SAMs using UHV-STM.

Table 1 Chemical Self-Assembly of Conjugated Thiol-
acetylated dipyridinium in DMF

_thickness (nm) _

compound solvent time(h) exptl “ caled

dipyridinium DMF 24 3.21 3.61

“The value measured by ellipsometry. ®The theoretical thickness
calculated by molecular mechanics without the consideration of
the tilt angle of molecule in SAM.

2.4 Apparatus and Measurements

We can observe electrical properties in 6x10° [Torr]

vacuum conditions. In the STS Plot modes, the tip was
positioned at a point on the surface, and a spectroscopic
plot was acquired and displayed in a scope format.
Electronic measuremerits were performed consisting of Pt-
It/SAM/Au structure. STM measurement was carried out
with UHV-STM system at room temperature (T=300

[KDI5].

3. Results and Discussion
3.1 Tunneling Microscopy Data

Fig. 3 (a) shows an image of the STM observation for
the surface of the A(111) substrate before the self-assembly
of the specimen of dipyridinium dithioacetate. Fig. 3 (b) is
an image of the STM observation of the morphology
through self-assembly with the concentration of 1 [mM/L]
of dipyridinium dithioacetate onto the Au(111) substrate. It
shows an image of the STM observation of the morphology
by scan size 100 [nm] x 100 [nm].

(a) ypical STM imaéé_of the Au(111) surface

(b) STM image of the surface to the SAMs

Fig. 3 Typical STM images of the Au(111) surface and
the SAMs at the concentration of 1 [mM/L]; scan
size: 100 [nm] = 100 [nm]
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It is clear that the SAMs were formed and were checked
by means of the STM images of Fig. 3 (a), and (b). It can
also be seen that the surface of the Au(111) substrate is
more flat before the self-assembly. On the other hand, the
surface of self-assembled Au(111) substrate by the
concentration of 1 [mM/L] has small particles.

3.2 Tunneling Spectroscopy Data

All STM data were obtained for the morphology and I-V
curve using a constant current mode[6]. As shown in Fig. 4
(b), some regions show a negative value of dI/dV, and this
is called a NDR. The occurrence of regions with NDR was
indicated by arrows in Fig. 4 (a) and Fig. 4 (b). This paper
defines a NDR voltage that has a maximum current in the
region of NDR. According to the definition of NDR, the
NDR voltages of dipyridinium dithioacetate were 1.68 [V]
in the positive bias region and -1.49 [V] in the negative
bias region, respectively by Fig. 4 (a). Moreover, the
conductivity of dipyridinium dithioacetate were 2.7 x 107
[S/cm] in the positive bias region and 2.3 x 107 [S/cm] in
the negative bias region respectively. Fig. 4 (c¢) shows
Schottky plot. We have calculated barrier height between

Au(111) and SAMs.
2
AT ]/e (1
1S

Where ¢, means a barrier height ‘of between Au(111)
and SAMs, Ais 120 x 10* [Am™/deg?], Tis 300 [K], Sis
0.25 [cm?]. Moreover, the value of @, originating from the
defined equations (1) was 0.69 [eV][7]. \
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Fig. 4 Graph of a typical I-V curve of the dipyridinium
SAMs (a) and dI/dV curve (b) and Schottky current
for the dipyridinium monolayers (c) barrier height
between Au(111) and SAMs (d)

The schematic diagram of barrier height between
Au(111) and SAMs calculated by Schottky plot was shown
in Fig. 4 (d). Where ¢ is Fermi level, ¢ is Work function

of Au(111), ¢D is barrier height.

4. Conclusion

Organic monolayers containing a dipyridinium were
fabricated and NDR of the organic molecular was
measured. The measured NDR and conductivity at the
positive region were 1.68 [V] and 2.7 x 107 [S/em],
respectively and also were -1.49 [V] and 2.3 x 107 [S/em]
at the negative region. Also, SAMs image was confirmed
by STM. I-V characteristics showed the symmetry. Finally,
it was expected that the NDR property is a unique property
of an organic molecule and might present important
applications in designing molecular switching and logic
devices|[8].

Acknowledgements

This work was supported by the KOSEF through the
CIIPMS at Dong-A University.



114 A Study on the Negative Differential Resistance in Dipyridinium Self-Assembled Monolayers Using STM

References

[1] J. Chen, M. A. Reed, A. M. Rawlett, J. M. Tour, “Large
On-Off Ratios and Negative Differential Resistance in
a Molecular Electronic Device”, Science, vol. 286, pp.
1550-1552, Nov. 1999.

[2] Jorge M. Seminario, Angelica G. Zacarias, and James
M. Tour, “Theoretical Study of a Molecular Resonant
Tunneling Diode”, J. Am. Chem. Soc., vol. 122, no. 13,
pp- 3015-3020, 2000.

[3] Lintao Cai, Yuxing Yao, Jiping Yang, David W. Price,
Jr., and James M. Tour, “Chemical and Potential-
Assisted Assembly of Thiolacetyl-Terminated Oligo
(phenylene ethynylene)s on Gold Surfaces”, Chem.
Mater., vol. 14, no. 7, pp. 2905-2909, 2002.

[4] Nam-Suk Lee, Hoon-Kyu Shin, Young-Soo Kwon,
“Study on the Morphology Observation and Electrical
Properties of Dipyridinium Organic Monolayer Using
STM”, Trans. KIEE., vol. 54C, no. 2, pp. 51-54, 2005.

[5] Fu-Ren F. Fan, Jiping Yang, Shawn M. Dirk, David W.
Price, Dimitry Kosynkin, James M. Tour, and Allen J.
Bard. “Determination of the Molecular Electrical
Properties of Sclf-Assembled Monolayers of
Compounds of Interest in Molecular Electronics”, J.

Am. Chem. Soc., vol. 123, no. 10, pp. 2454-2455, 2001.

[6] J. Chen, W. Wang, and M. A. Reed, A. M. Rawlett, D.
W. Price, and J. M. Tour, “Room-temperature negative
differential resistance in nanoscale molecular
junctions”, App. Phys. Lett., vol. 77, no. 8, pp. 1224-
1226, Aug. 2000.

[7]1 S. M. Sze, Physics of Semiconductor Devices, John
wiley & Sons, Inc., 1981, p. 279-292.

{8] Seung-Un Kim, Hoon-Kyu Shin, Young-Soo Kwon,
“Study on the negative differential resistance
properties of self-assembled organic thin films by
using STM”, Colloids and Surfaces A, vol. 257-258,
pp. 211-214, 2005.

Nam-Suk Lee

He received B.S degree in Electronic
Engineering from Kunsan National
University, his M.S. degree in Physics
from Kunsan National University in
1992 and 1995, respectively. He "is
currently a Ph.D. candidate in Electrical
Engineering, Dong-A University. His
main research interests are in the areas of molecular
electronics, Nanotechnology, UHV-STM and its
applications.

Hoon-Kyu Shin

He received B.S., M.S. and his Ph.D.
degree in Electrical Engineering from
Dong-A Univ. in 1993, 1995 and 1999,
respectively. Now, he is a Research
professor at the CIIPMS, Dong-A
University. His main research interests
are in the areas of molecular
electronics, Nanotechnology, SPM and its applications.

Young-Soo Kwon

He received B.S. degree in Electrical
Engineering from Yeoungnam Uni-
versity, his M.S. degree in Electrical
Engineering from Kyoungpook National
University and his Ph.D. degree in
Molecular Devices from Tokyo
Institute of Technology in 1972, 1976
and 1988, respectively. Now, he is a professor at the
Department of Electrical Engineering, Dong-A University.
His main research interests are in the areas of molecular
electronics, ultra-thin films and its applications.



