Room temperature negative differential resistance in DNA-based molecular devices
Peng-Chung Jangjian, Tzeng-Feng Liu, Mei-Yi Li, Ming-Shih Tsai, and Chia-Ching Chang
Citation: Applied Physics Letters 94, 043105 (2009); doi: 10.1063/1.3074502
View online: http://dx.doi.org/10.1063/1.3074502
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/94/4?ver=pdfcov
Published by the AIP Publishing
Articles you may be interested in
Redox reaction based negative differential resistance and bistability in nanoparticulate ZnO films
J. Appl. Phys. 112, 024314 (2012); 10.1063/1.4739281
Negative differential resistance in hydrated deoxyribonucleic acid thin films mediated by diffusion-limited
water redox reactions
Appl. Phys. Lett. 97, 013306 (2010); 10.1063/1.3458810
Room temperature negative differential resistance of a monolayer molecular rotor device
Appl. Phys. Lett. 95, 093503 (2009); 10.1063/1.3222861
Charge storage model for hysteretic negative-differential resistance in metal-molecule-metal junctions
Appl. Phys. Lett. 88, 172102 (2006); 10.1063/1.2195696
Direct current electrical characterization of ds-DNA in nanogap junctions
Appl. Phys. Lett. 86, 153901 (2005); 10.1063/1.1900315

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
140.113.38.11 On: Wed, 30 Apr 2014 15:32:44

APPLIED PHYSICS LETTERS 94, 043105 共2009兲

Room temperature negative differential resistance in DNA-based molecular
devices
Peng-Chung Jangjian,1 Tzeng-Feng Liu,1 Mei-Yi Li,1,a兲 Ming-Shih Tsai,2 and
Chia-Ching Chang3,b兲
1

Department of Material Science and Engineering, National Chiao Tung University, Hsinchu 30050, Taiwan
Cabot Microelectronic, Chupei, Hsinchu Hsien 302, Taiwan
3
Department of Biological Science and Technology, National Chiao Tung University, Hsinchu 30050,
Taiwan and Institute of Physics, Academia Sinica, Taipei 11529, Taiwan
2

共Received 13 November 2008; accepted 5 January 2009; published online 26 January 2009兲
A molecular device fabricated from metallic deoxyribonucleic acid 共M-DNA兲 exhibits a negative
differential resistance 共NDR兲 behavior. When two gold electrodes were connected by Ni2+-chelated
DNA, which was converted from -DNA, not only was the conductivity of DNA improved, but a
NDR device was formed as a full cyclic voltage sweep was applied to measure its current versus
voltage characteristics at room temperature and in an ambient environment. Such electronic
characteristics of a M-DNA device may have been caused by the redox reactions of Ni ions. This
finding provides a simple way to construct electrical nanodevices from biological molecules.
© 2009 American Institute of Physics. 关DOI: 10.1063/1.3074502兴
Negative differential resistance 共NDR兲 refers to the electrical behavior of some semiconductors in which the electric
current decreases with increasing applied voltage over a particular range. NDR is commonly employed in the fields of
low-power memory or logic devices, such as Esaki diodes1
and resonant tunneling diodes.2 Recently, NDR characteristic
have been observed not only in semiconductors but also in
organic molecules.3–5 Various mechanisms of NDR have
been proposed for various molecular device systems. They
include charging 共reduction兲,3 redox reaction,5 structural
change,6 chemical reaction,7 and the association-dissociation
processes8 of molecules. For example, molecules that contain
a nitroamine redox center 共2⬘-amino-4-ethynylphenyl-4⬘ethynylphenyl-5⬘-nitro-1-benzenethiol兲 that is sandwiched
between two metal electrodes exhibit NDR due to a two-step
reduction process.3 Metalloproteins 共ferritin兲 that are embedded in the gap between two single-walled carbon nanotubes
yield reproducible NDR peaks during cyclic voltage sweep
measurements.5 This NDR behavior originates in the redox
reaction of the transition metal ions in ferritin. To exploit
these molecules with NDR properties in nanodevices, detailed knowledge of the molecular electronic characteristics
and reliable fabrication processes are both required.
The fact that aromatic heterocycles of DNAs are highly
organized has been recently utilized in nanodevices.9 In
1962, double-stranded DNA with -electron cores of well
stacked bases was suggested to be a pathway for charge
transportation.10 However, discrepancies exist among the
measured values of DNA conductivity because of differences
in the measuring methods, conditions, or DNA
sequences.11,12 Although the intrinsic conductivity of DNA
has not been well characterized, metal-doped DNA, metallic
DNA 共M-DNA兲, has been demonstrated to behave as a conductive nanowire.13 Lee and co-workers discovered M-DNA

formed by the substitution of divalent metal ions 共Zn2+, Ni2+,
and Co2+兲 with the imino protons of G and T of DNA, forming a stable tetrahedral geometry at pH ⬎ 8.5. M-DNAs also
have better conductivity than the corresponding native
forms.14–16
In this study, NDR was observed in a M-DNA-based
device. Simple lateral metal-molecule-metal 共M-M-M兲 structures were fabricated after pairs of gold electrodes were
formed with nanometer gaps on a silica substrate. Ni-DNA,
which is derived from -DNA, was adopted to connect gold
electrodes and act as the active molecule in molecular devices 关Fig. 1共a兲兴.
-DNA was purchased from TOYOBO CO., LTD.
共Osaka, Japan兲. It is comprised of 23 130 base pairs 共about

a兲

FIG. 1. 共Color online兲 共a兲 Schematics of the DNA based NDR device 共left兲
and electrostatic trapping 共right兲. 共b兲 AFM image of DNA molecules absorbed on silica oxide after electrostatic trapping process. 共c兲 SEM image of
DNA molecules, which are converted into silver wires and bridge on the gap
between two gold electrodes.
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7.9 m兲, with randomly distributed A, G, C, and T bases.
-DNA was diluted in 10 mM tris-HCl buffer 共pH = 9.0兲 to
yield a final concentration of 12.5 ng/ l. Ni-DNA was then
converted from the diluted -DNA by adding 10 mM trisHCl and 2.5 mM NiCl2 at pH = 9.0 and incubation for at least
8 h.
Standard e-beam lithography and lift-off processes were
employed to pattern the nanometer scale electrodes.17 First,
120 nm SiO2 was grown on Si wafers by low-pressure
chemical vapor deposition 共LB45 Furnace system, ASM,
Biltnoven, Netherlands兲. The nanoscale electrode pattern was
then transferred to SiO2 by evaporating 5-nm-thick titanium
共as an adhesion layer兲 and 50-nm-thick gold using an e-gun
evaporator 共EBX-8C, ULVAC, Kanagawa, Japan兲. The resulting electrode gap was 100 nm 共⫾10 nm, n = 5兲. Electrical
contacts between DNA and the gold electrodes were formed
by electrostatic trapping.18 Both -DNA and Ni-DNA soluFIG. 2. 共Color online兲 共a兲 Current-voltage 共I-V兲 characteristics of -DNA
tions were dialyzed against with 2 L double-distilled water
and Ni-DNA, the sweep range from ⫺10 to 10 V. 共b兲 I-V characteristics of
for 8 h at 4 ° C, twice, to remove the salt and the excess Ni
Ni-DNA with positive sweep 共0–10 V兲. 共c兲 I-V characteristics of Ni-DNA
ions beforehand. Then a drop, around 5 l, of -DNA 共or
with negative sweep 共0–⫺10 V兲. 共d兲 I-V characteristics of Ni-DNA with
M-DNA兲 solution was placed on the gap between the elecrepetitive full cyclic sweeps 共−10 V → 10 V → −10 V兲. The entire scan
rate is 50 mV/s.
trodes. A voltage of up to 1 V was applied to the electrodes
to trap the DNA. 共The mean electric field was approximately
7.85⫻ 102 V / m, parallel to the substrate.兲 After 20 min of
DNA molecule.11 After the -DNA was replaced with Niincubation, the samples were dried slowly in nitrogen gas
DNA, the conductivity of the Ni-DNA device exceeded that
and their electronic characteristics were measured using a
of the native DNA device, such that the 3 eV conducting gap
precision semiconductor parameter analyzer 共HP 4156A,
of the native DNA device disappeared 关Fig. 2共a兲兴. The inAVALON CA, USA兲.
serted metal ions may thus support the formation of a d band
After the electrostatic trapping process, -DNAs were
that is aligned with the Fermi level of the electrode.14 Thereobserved under an atomic force microscope 共AFM兲 共NanoWfore, electrons 共or holes兲 can be injected without a voltage
izard II, JPK, Berlin, Germany兲 in tapping mode. The DNA
threshold. The result is comparable with those of previous
molecules were absorbed on the silicon oxide, stretched, and
studies.14 As well as the improvement in the conductivity of
oriented toward the electrode 关Fig. 1共b兲兴. A similar phenomnative DNA by Ni ions doped, an interesting NDR behavior
enon was also observed in the case of Ni-DNA. According to
was observed. Figure 2共b兲 plots the I-V curves of Ni-DNA
our previous study,16 the Ni-DNA molecules remained negafor successive positive voltage sweeps 共0–10 V兲 at room
tively charged on the backbone as well as native -DNA.
temperature. An NDR peak was positioned at around 3.50 V
These negative charges on the DNA molecules are attracted
with a peak-to-valley ratio 共PVR兲 of 1.78 for the first scan,
by the positive charges of the electrodes. As expected, more
and the peak disappeared during the subsequent sweep over
DNA molecules were trapped and some bridged the two
the same voltage range in the same direction. A negative
electrodes. To confirm that -DNAs or Ni-DNAs bridged the
NDR peak was also observed at about ⫺4.70 V with a PVR
two electrodes by electrostatic attraction, the DNA molecules
of 6.21 when the voltage on the device was swept from 0 to
were converted into silver wires by ion exchange,19 and the
⫺10 V 关Fig. 2共c兲兴. The negative NDR peak also disappeared
SEM image 关Fig. 1共c兲兴 revealed the silver nanowire between
upon successive negative sweeps. After the negative NDR
the 100 nm spaced gold electrodes. Meanwhile, many of the
peak had been observed, a positive NDR peak reappeared in
silver nanoparticles were observed on the surfaces of the
a positive scan, confirming that both of the NDR peaks were
electrodes. DNA molecules were trapped between these surobserved when a full cyclic voltage sweep 共−10 V → 10 V
faces, bridging the gap between them.
→ −10 V兲 was applied 关Fig. 2共d兲兴. Besides the reproducible
Electrical tests demonstrated that Ni-DNA molecular deNDR behavior exhibited by the I-V curves, hysteresis was
vices are very stable and their NDR characteristics are reproobserved, possibly associated charge trapping.20 These reproducible at room temperature in an ambient environment 关Fig.
ducible I-V curves are similar to the reversible redox behav2共a兲兴. When the voltage applied to M-M-M devices conior revealed by the cyclic voltammetry in electrochemical
structed from both -DNA and Ni-DNA was swept from
analyses.16 The DNA-based devices can be reasonably sug⫺10 to 10 V, -DNA 关inset in Fig. 2共a兲兴 exhibited a nonlingested to act as a solid state electrochemical system. Two
ear I-V curve with a plateau at low voltage. This semicongold electrodes are the anode and cathode. The phosphate
ductorlike energy gap, which was about 3 eV, has also been
backbone of -DNA is the dielectric layer and the Ni ions
reported upon by Porath et al.,11 who measured directly the
that dope the -DNA act as the electroprobes. The Ni ions
electrical transport through individual short DNA molecules.
undergo redox reactions when the applied voltage apThis plateau indicates that a contact barrier is present beproaches the redox potential in the cyclic voltage sweep protween the junction of -DNA and the gold electrodes. When
cess. The positive NDR peak corresponds to the oxidation
the applied bias voltage reaches a threshold, electrons 共or
peak of the Ni ions and the negative NDR peak corresponds
holes兲 can be injected from the electrode to -DNA by tunto their reduction.5 Namely, the mechanism of NDR in Nineling
through the
contact barrier,
and Reuse
passing
through
DNA
involves
redox reactions of the Ni ions 共oxidation
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pressure. This NDR behavior originates the active redox reactions of transition metal ions in DNA. Furthermore, the
highest achievable PVR is about 6 in this work. Results of
this study demonstrate the potential applications of the above
aforementioned molecular devices.
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FIG. 3. 共Color online兲 I-V characteristics of Ni-DNA with full cyclic sweep
at a different scan rate.
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of Ni2+ and reduction in Ni3+兲. Additionally, according to
previous studies, Ni-DNA is a decent charge conductor.
These characteristics are responsible for the reproducible and
stable electrochemical redox reactions of Ni ions during the
I-V scan. Relatively stable I-V curves were measured during
the repetitive full cyclic sweep 关Fig. 2共d兲兴.
Significant increases in peak currents with the scan rate
were observed 共Fig. 3兲, similar to those of the classical redox
reaction parameters in the electrochemical system. The rate
of the redox reaction increases with the scan rate increases,
increasing the peak current. The I-V curves are asymmetric
and the peak positions are slightly shifted, indicating that the
redox reactions of Ni ions are quasireversible, because the
charge transfer rate in Ni-DNA molecules varies during a
cyclic voltage sweep. Previous investigations demonstrated
that a DNA conformational change alters the conductivity.21
Therefore, the conformational change in negatively charged
Ni-DNA may occur during voltage sweep and contribute to
the quasireversibility of the Ni redox reaction. Possible
causes of such a DNA conformational change include applied bias, and the effect of the transformations between Ni2+
and Ni3+ 共redox reaction兲 during the cyclic voltage scan.
In summary, a DNA-based NDR device is implemented
using Ni-DNA molecules, which form a bridge between the
two gold electrodes by electrostatic trapping. Not only does
Ni-DNA serve as a pathway for transporting charges, but
also the chelated Ni ions in Ni-DNA become redox centers.
Reproducible and stable NDR behaviors are revealed by the
I-V characteristics at room temperature and atmospheric
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