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Advances in Charge Transport through DNA Molecular Junction by
Employing Electrodes Pair with Nanometer—sized Separation
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Abstract Molecular electronics is an interdisciplinary science that mainly studies the charge transport through molecules
and its main goal is to fabricate molecular devices with electrical functionalities. In the state-of-art of molecular electronics,
the research paradigm is to fabricate electrodes pair with nanometer-sized separation and construct the molecular junction
through the assembly of target molecules with the electrodes pair. With this framework, the target molecule can be integrated
to the macroscopic measurement circuit. DNA is one of the most significant biomolecules in natural sciences. It had drawn
great attentions in biomedicine because of the carried genetic instructions. In molecular electronics, DNA also had attracted
much interest due to the distinct structure and its capability of long-range charge transport. Nevertheless, in the early stage of
molecular electronics, the probe molecules were limited to those with simple structures and short lengths. In recent years,
molecular electronics had witnessed a rapid progress due to the developments in micro/nano-fabrication and the detection for
weak current signal. Specifically, it includes the improvements in the success rate, efficiency, and stability of the fabricated
molecular device. Benefiting from that, the probe molecules had been extended to a number of complex compounds like
DNA. We give a brief introduction to the recent progress in the fabrication of DNA molecular junctions and the studies on the
corresponding charge transport, most of which were made by using the research paradigm of fabricating electrodes pair with
nanometer-sized separation. According to the fabrication methods that employed, these advances were introduced in two
classes. One is that made by the as-called break junction methods, which include STM-break junction, conductive AFM and
mechanically controllable break junction. The other is that made by the as-called cutting methods, which include cutting of
carbon nanotube, graphene and silicon nanowire. We summarize the historical development of these methods and give a
comparison between them. We also introduce some representative research on the charge transport through DNA molecular
junction, and discuss the distinct features of DNA in electrical properties compared to the conventional small molecules. To
conclude, we give a prospect on the future development of the studies on charge transport through DNA molecular junction.
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Figure 1 Schematics of the six dsSDNA molecules selected by the re-
searchers!>”!
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Figure 2 (a) A typical current-distance trace recorded in experiment.
The plateau indicates a stable molecular junction was established between
the tip and substrate; (b) Schematic of the modified STM-BJ setup with a
modulating tip; (c) The evolution of amplitude of conductance modula-
tion with time as the junction was mechanically modulated™"!
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Ky NG RS S, S DNA 20T XU g 45 0y i o A8
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4> F(HOE-DNA) {1 H 7y F L S AT Tl &, R ILEAT]
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MIREE, (b) 5 EB A FRELE)E, S F 451 DNA 7371
—HEIFHEIUTHRAE; (o) 5 HOE 7 TRAES GG, Skl m
DNA 47— 4 B S G5 ik P

Figure 3 (a) Chemical structures of EB and HOE molecules, and the
schematic illustration of the formation of EB-DNA complex and
HOE-DNA complex; (b) 1D conductance histogram and typical traces for
EB-DNA molecular junction; (c) 1D conductance histogram and typical
traces for HOE-DNA molecular junction'®”
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Fiw, SEBGH ORI, 24 Ag-DNA 43 FAbF At & FIE
A, 2] JLHESE N 0.37 mGy Al 3 mG,,
T 244k 2 AN AR A S IR RS DNA 4r i,
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T, SIS Y — 4 S SRR Y

Figure 4 (a) Schematic of the STM-BJ setup with a Ag electrode serv-
ing as the electrochemical gate; (b) Molecular structure of anthraquinone;
(c) Schematic of the modified DNA (Aq-DNA), where a base is replaced
with an anthraquinone; (d) 1D conductance histograms of Aq-DNA as
measured at different redox states®”
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Ko F AR IHBEN B 5 7T K BRI PR, 47E
CG FH) DNA 43 F N AT 4 IRSE i, ANME
AT DM A AL R A4k, 1 B AT LAE DNA 7371
PR R AE R E SR, BRI S, MEAN AT 741
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AN B e, BT LAXS LA DNA 53 1B EEAT
KRR IATE, ATRM] T DNA 70 FER R 7 1 REVH
SRR e, BAT BRI N AT 7).

(a ) Thermal (C)
reservior
ACGC(AT),GCGT
© ’] /)
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] . a
3

2 44 Transition
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ACGC(AT),.GCGT

Seebeck coefficient / (LV-K")

ACGC(AT);,GCGT ACGC(AT),GCGT
8 24 ace)T B-ctosier
5" ACGC[AT] GCGT-NH, 3" i ACG)T  A(CG)sT
A(CG),T NH,-TGCG (1A, CGCA

5 A Ec] T-NH, 3 m=14 0l . . T .
NH-T GC)A ACGC(AT),,_,AGCGT 8 10 12 14 16
=37

5 Acac m AGCGT-NH, & Number of base pairs

A(CG)sT Ace),T

INH,~TGCG(TA),,_TCGCA

m=1-3

Bl5 (a) AEWSTE DNA 4845 =E IR 211 STM-BI 26 ERE K,
(b) SESGH BT 5T DNA 73 IBEEXT P 315 (c) ANIRIZE %) DNA 431
17 2 DL 22 S Bt B3 x4 AR Ak g4

Figure 5 (a) Schematic illustration of the STM-BJ setup equipped with
a temperature-controllable tip; (b) Sequences of the studied DNA mole-

cules; (c) The evolution of Seebeck coefficient along with molecular
length for DNA molecules'"!

32 SHETFHEWMTEE

1998 4E, Cygan SRR 502 241 4 1) F 425 4% 1
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B, AR QAR —M 5T SAM 2451,
AT DATRUH ()2, G S 4 3% THI 10 3 R &5 ot P A v T
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(1), IR 1RE J5 S8 —Fh o, PN 2 21K
BERRES . XA TAERM, 7T LLEREE —F o T1E N
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1,8-2 “RREE AL 5 1% SAM JZ ISR IA AL, TR F 40 4
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6¢), KIS 1,8-3F ZHlE 7+ FEHZI N 900 MQ.
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B 6 (2) RPN > 378 SRR S Jo ALK I A 1B 23 iy 1
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T 1~5 A 1,83 AR S ) AL - L B R il 220

Figure 6 (a) Schematic illustration of a mixed SAM layer that estab-

lished by a sequential assembly of two molecules on an Au substrate!®;

(b) Schematic drawing of an c-AFM setup, where the yellow and red balls
represent gold and sulfur atoms respectively; (c) The measured /-V curves
that contributed by 1 to 5 parallel 1,8-octanedithiol molecules!*"!

2004 4, Nogues 1254 DNA HTHA, ¥
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TEO TR AT, B T 48 T AT A, —
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GCA GAA AAT CTT AG-3")JH - ER 2k, #F
FE R, AEN2 VE, FEXEE DNA 7> T [ R
FEik 220 nA B b X —E5 R U] T 0UEE DNA B
5 1) FLTIE B
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W RS ISR 1% ssDNA 4r F2H 3 T4 5L 2 1,
TERRANE Tc B8 —Fh DNA B0 T2 pEasr); S
#, A CAARIE SR FL AN ssDNAL 1B1 T 351 B
#h ssDNA. PASRIEIERE SR T EE AN ssDNA
55 M AERR ) ssDNA HHAT4%8, TR 7 W 7d~7f
Fin ) 554k =Ff DNA $50 T3 4F 4510, 0T B 7 fis
MR —Fh g5, SEES A R BERT I B LS 5 (<10 pA),
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Figure 7 (a) Schematic illustration of c-AFM approach by employing
DNA hybridization technique and nanoparticle assembly method; (b)
Typical I-V curves measured for the as-fabricated dsSDNA SAM layer'®),
Schematic drawings of the four types of molecular junctions, including
(c) the ssDNA SAM layer, (d) the dsSDNA SAM layer without top thiol

groups, (¢) the dsDNA SAM layer with top thiol groups, and (f) the
dsDNA SAM layer with top Au nanoparticles!®”!
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Figure 8 The measured /-J curves for dsDNA SAM layers that modi-
fied with Au nanoparticles of different sizes!*’!
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Figure 9 (a) Chemical structure of a unit of G4-DNA; (b) Schematic
stereostructure of G4-DNA; (¢) Measured I-V curves for G4-DNA with
different lengths; (d) Schematic drawing of the experimental protocol and
a typical AFM image, where the colored dots represent the contact sites'”!
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Figure 10 (a) Schematic drawing of an MCBJ setup'®”’; (b) SEM image
of the electrodes pairs with nanometer-sized constriction, which were
prepared by micro/nano-fabrication techniques!”"!
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Figure 11 (a) SEM image of a suspended electrodes pair with a na-
nometer-sized constriction, which was fabricated by e-beam lithographic
processes; (b) Schematic structures of the DNA1 and DNA?2 that studied;

(c) 1D conductance histogram of DNA1; (d) 1D conductance histogram
of DNA2™
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Figure 12 (a) Evolution of conductance as the size of nanogap gradual-
ly increases; (b) Measured /-V curves with a forward potential sweep
(black curve) and a backward potential sweep (red curve)™”
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Figure 13 (a) Schematic drawing of the G4-DNA molecule with three
structural units and two anchors; (b) Evolution of resistance as the separa-
tion between electrodes pair gradually changed either in the absence of
molecule junction (green line and blue line), or in the presence of molec-
ular junction (black line and red line)®"!
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Figure 14 (a) Schematic cutting of a carbon nanotube with micro/
nano-fabrication techniques; (b) Schematic drawing of the as-fabricated
electrodes pair of carbon nanotube, with a nanometer-sized separation and
two functional contacts; (c) Working principle of the molecular switch;
(d) Response of the molecular switch in the cyclic changes of the pH
valuel®®!
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Figure 15 (a) AFM image of the molecular junction with electrodes
pair of carbon nanotube; (b) Schematic drawings of the ssDNA (top) and
dsDNA (bottom) molecular junctions; the measured /-¥ curves in ambient
conditions (blue line) and in vacuum (red line) for either (c) ssDNA or (d)
dsDNA molecular junction®
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Figure 16 (a) Schematic drawing of the graphene electrodes pair with a
nanometer-sized separation; (b) The chemical structures of the studied
molecules with varying lengths”
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Figure 17 (a) Schematic drawing of the DNA molecular device with
graphene electrodes; (b) The curves of source-drain current versus gate
voltage that measured before (blue line) and after (green line) the treat-
ment of EB molecules; (c) The monitored current traces in the presence of

EB molecules with concentration of either 5X 10" mol/L (black line) or
5X10""* mol/L (blue line)®
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Figure 18 Schematic drawings of the cutting of a silicon nanowire and
the as-fabricated sample!®”!
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Figure 19 (a) Schematic drawing of the hpDNA molecular junction; the
monitored current traces at 20 ‘C (b) and 55 C (c), as well as the cor-
responding 1D conductance histograms
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