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Fig. 1. (color online) Thiophene dimer 2T-0 and its
derivatives, such as 2T-14, 2T-13, 2T-24 and 2T-23
substituted by —NH2 and —NOa.
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Fig. 2. (color online) The structure of molecular de-
vices, and the central molecules can be 2T-0, 2T-14,
2T-13, 2T-24 and 2T-23.
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Fig. 3. The transport properties of 2T-0 : (a) The
current-voltage curve; (b) the transmission coefficient

at zero bias.
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Fig. 4. The current and rectification ratios (R) as a function of applied bias voltage for the thiophene
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Fig. 5. The transmission coefficients of the thiophene derivatives at zero bias for 2T-14, 2T-13, 2T-24, and

2T-23, respectively.
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Fig. 6. (color online) The energy spectra and the MPSHs at zero bias for 2T-14, 2T-13, 2T-24, and 2T-23, respectively.

BT A DY A 85 14 4 7 2% #F I HOMO #g 4% )
N ff MPSH 2576 —NHy _F#8 94i, £ NOy L
JUF 34 (B 7 2T-14 f12T-13 W A5 W2 20 /I 25
i 2] —NO, MO i 7 F); 52 # Kk, LUMO JX&
LUMO-+1 RE 20 B i) MPSH 276 —NO, b #H
Iy AR, 1E—NHy b o3 A8 (R 5 & LUMO+1 2
# —NH, L/\%ﬁftﬁ’u%??). Vi B —NHy 22X
HOMO DTk, 1M —NOy EETTHRT LUMO

K LUMO++1, iX 5 —NH, & W 741k —NO, &
HL T2 R A A — 8 E—20, IRATK I 2T-14
A12T-24 %3 F 45 ¥ ) HOMO, LUMO fE ¢ #1 l:m&‘
=1, 2T-13 f12T-23 4r ¥ 45 #4 ' HOMO, LUMO §
2 WP LU AR, DL B A4 ] g B A7 1) R RS, 2T-14
A1 2T-24 Z5 4 —NH, () HUARA, BAH ], #ALTE 4 67
E 1M 2T-13 A1 2T-23 2544 —NH #HUIR 3 17 &, 7T
—NH, A B 2 B2 HOMO, LUMO

098501-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 66, No. 9 (2017) 098501

REZL IR B J7 0], ALTE B MU ) 4 A7 B % 81D e 2k
Dl . BRI 5 DYAS 737 A 10 2 10 A g e
KIET KA L7 LUMO B4, 2T-14 F127T-
24 254 (—NHa 7E 4 67) i) LUMO BE 4% izE 25 27 K R
R e AT N SR TP e AR 5 P DA RN 1 G
HL B AR A0 55 S 2% 2T-13 A1 2T-23 2544 (—NH, £ 3
i) (1 LUMO Re R PR RE L, 31X /N2 4 11 2
iz Ve LSO | OREIREIR) SR o) B B AR AL B BE . IX 3
B —NH, A7 B 23 520 4z i 1) 58, A 721 N
IR 3 Ar ., S0 F BEL SR B ] X

4.3 A RMRETHEIEE

N Y B B R AR TV £ e i R RN
FA A Sy FB BH AT S B, AT 0T T A
[ 4 T (5S35 RS 3 2T-14 F1 2T-13 45 4 1)
iz R PR, RIVEAE s e Y0 L P 74 I 1) FELIAE K
T 6 B F) I I LI T 2T-24 F1 2T-23 25 74 () i
B R ARL, RIZE AR fm ¥ P9 IE R s 1 PR 3R OK
TR R B A7 Qg R FLIR, 3k TR S A5 X P RS 5 A ) R
W FIEGF AR, T B X B X A, T
T R 4% 2T-13 A1 2T-24 3 T 2344 1 iz 1 i) ok
i BT (a) I 7 (b) 4 T IX A SR PETE 64
FRBR IR R T s, T i 2 s 23
T(E, Vi) SHREE H [ — V5,/2,+V4 /2] Y8 FEARS

1.0 (a) T T T

0.5 +0.6 V

0.5

A/‘
0 . 1 .
i +0.2V
0.5
N S
- oV
B 05
= A
1 .

=

ot

T
{

AN
of . . .
o5k —0.6V \
i . A _’/J L~/

0 - -
-1.0V
ot ML
0 s Al 1 h
-2 -1 0 1 2

Energy/eV

SRAZE, BT CAERATT IR 0 A i F o 1P (7 2 1 £ 1
AL X ) s i A1k,

1) s BRI, B 7 (a) R 7 () 1Y
&[] RF AE S Bl K THD B 3T 1 2 B s Ve B i S T
K ) B 5 (0 0E 7 A, S EI0E S R R A H B
TR BB AN, T IE R R R AR
BELPRTATLEE S ABL, N HTFRATT R 20 B 1 A T 1 A7 fl
Sy BLBHRN. Se R T 2T-13 20 T 384, B 7 (a) &
JNHE IR R S5, I 9E, s BT aa kN T
i FE 8 1, 5 B R A BB R, 2 R A )
+0.2 VI, BRIASIRME. SR, 24k 823K
I, iz T () W (R SRR PRI, T FL 1) 1E BE & 1 5 )
ER, BT R T WMEE (W 40.6 VA +1.0 V),
HLLRE 2 BESR R B, TR T B 4 iR - R T 42
7N B BRS04y s B RN, A LA, B 7 (b) B
7N 2T-24 77 T 2 A Wi iz 8% 75 40.3 V. (5 B HEL i
BOR) Z AT B T m R O, {8k 1P
BIEA R (WL 40.8V), HLLH #2675 +0.3 V
F+0.8 VL N TR L R, 14y H RN
e, HEEWER A HE TR Bz, 2T-14
2T-24 ZEMI 73 T 25 1F, — NHy #87E A0 E, Ffilisy
F, B il g 5 1) 38 0 A8 AL 22 185 1T 2T-13 FH 2T-23 &5
4, —NHq #RALTE 3407 B, 514505 L BHIB BE 2048, 41
o ROSE B 2. AT LA, — NHo B4 B AT DL B 6
T4y L BEL R B 5.

1.0 T
L (b)
0.5F +1.2V

| L A./\;

O. ' B
0.5F +0.8 V \ [K
o—_ AL A
osf TV \
L. 1 . A NEVA N

(VY%

T(E)
o

L . AN

(Uy t ]
0.3V X

0.5 7

[ L | L 1 N il

osk 08V i
i - NN
0.5+ —-1.2V i
0- . 1 . \LA
-2 -1 0 1 2

Energy/eV

7 (MTRQ) W R4 TATAY (a) 2T-13 Fl (b) 2T-24 43T 3AFFE 6 MRFRR N & T RIS REL, PORBERMBONE (B

FoR), PiskBELk (W) X 5 & 0

Fig. 7. (color online) The transmission coefficients of the thiophene derivatives at six special bias for (a) 2T-13 and (b)

2T-24. The average Fermi level is set to zero (dash line), and the region between two blue lines is the bias window.

098501-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 66, No. 9 (2017) 098501

2) BRAARINLEE., R T (a) FE 7 (b) B8
e K THT B30T 1) 32 B4 1 U B o O o (19388 K ) 1E B8
BT RS, S R E DL AR, X 2T-13 4
TAE, BT (a) B e 5 IS, w2 A AT DR
B 7 inE v i KT I R R R O iE
W, FECT A RSN, 2T-24 4 T4 4F AR
K, BT (b) R B, LEAR I i B P, 47 O s B
JE B TP (4 DA T AH B I e i 1) iz 0, 25 51
TE A s %) HL AL KT A R A7 AR s FL R, R80T OE )
MIEERAT N, LB RAE, 2T-14 F12T-13 5 M 1) 4%
T8, —NO #AE VL E, BIL T SOBRN; 1
2T-24 1 2T-23 4544, —NOo #RALTE 21 B, &7
IEERAT A, FTLL, —NOy FIAL B ] LA B3 1)
Ji1A.

5 %

ASCHR T A SR AR AN AT AL o) T
FR &5 B G 2> 7 AR AR, JF a2 AR S
PRBR B 45 Rz R BER H JT EE T L B i
LR E, RGEHIIHT T “—NHy” AT“—NOy” BUAR
B R A=ROR RN 1V R R TR A R
R, AHLEEY —RP—NHy” F1<—NOy” B
R R RN NS R 3 U
B, BATE N T 7 5O B I e WS A
iz v o> B 1KLL AN T A VB ALE], 45 4
W S AL B AT DL B G oo LB A SR S, 24
AR AE R TR) )AL LN, OB ) N B R
(0 Ar B AT Lo AR B Y T [, e AR AE R A
RPEIERBRATN, £ THRLGMNER T
TEERATA.

SR RHEOR 2 W B 27 B Wk LA 2 9 AT S 4
T 71

S

(1]
2]
(3]
(4]
(5]
(6]
7]
(8]

(9]

098501-7

Reed M A, Zhou C, Muller C J, Burgin T P, Tour J M
1997 Science 278 252

Seminario J M, Zacarias A G, Tour J M 1999 J. Am.
Chem. Soc. 121 411

ZuF X, LiuZL,Yao KL, Gao GY, Fu H H, Zhu S C,
NiY, Peng L 2014 Sci. Rep. 4 4838

Jalili S, Rafii-Tabar H 2005 Phys. Rev. B 71 165410
Aviram A, Ratner M A 1974 Chem. Phys. Lett. 29 277
Taylor J, Brandbyge M, Stokbro K 2002 Phys. Rev. Lett.
89 138301

Wang B, Zhou Y S, Ding X L 2006 J. Phys. Chem. B
110 24505

Tongay S, Lemaitre M, Miao X, Gila B, Appleton, B R,
Hebard A F 2012 Phys. Rev. X 2 011002

Guo C L, Wang K, Zerah-Harush E, Hamill J, Wang B,
Dubi Y, Xu B Q 2016 Nat. Chem. 8 484

Yamada R, Hiroaki K, Noutoshi T, Tanaka S, Tada H
2008 Nano Lett. 8 1237

Fichou D 2000 J. Mater. Chem. 10 571

McCreery R L, Yan H J, Bergren A J 2013 Phys. Chem.
Chem. Phys. 15 1065

Zhitenev N B, Meng H, Bao Z 2002 Phys. Rev. Lett. 88
226801

Yang Y 2013 M. S. Thesis (Chengdu: Southwest Jiao-
tong University) (in Chinese) [#3% 2013 il -5 fi7 & 5C
(RAR: PEFACIE R

Zu F X, Liu Z L, Yao KL, Fu H H, Gao G Y, Yao W
2013 J. Chem. Phys. 138 154707

Bao Q L, LuZ S, Li J, Loh K P, Li C M 2009 J. Phys.
Chem. C 113 12530

Zhou Y X, Jiang F, Chen H, Note R, Mizuseki H, Kawa-
zoe Y 2007 Phys. Rev. B 75 245407

Barone V, Hod O, Scuseria G E 2006 Nano Lett. 6 2748
Han MY, Ozyilmaz B, Zhang Y, Kim P 2007 Phys. Rev.
Lett. 98 206805

Taylor J, Guo H, Wang J 2001 Phys. Rev. B 63 245407
Brandbyge M, Mozos J L, Ordején P, Taylor J, Stokbro
K 2002 Phys. Rev. B 65 165401

Soler J M, Artacho E, Gale J D, Garcia A, Unquera J,
Ordején P, Sanchez-Portal D 2002 J. Phys. Condens.
Matter 14 2745


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1126/science.278.5336.252
http://dx.doi.org/10.1021/ja982234c
http://dx.doi.org/10.1021/ja982234c
https://www.nature.com/articles/srep04838
http://dx.doi.org/10.1103/PhysRevB.71.165410
http://dx.doi.org/10.1016/0009-2614(74)85031-1
http://dx.doi.org/10.1103/PhysRevLett.89.138301
http://dx.doi.org/10.1103/PhysRevLett.89.138301
http://dx.doi.org/10.1021/jp065069t
http://dx.doi.org/10.1021/jp065069t
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.2.011002
http://dx.doi.org/10.1038/nchem.2480
http://dx.doi.org/10.1021/nl0732023
http://dx.doi.org/10.1039/a908312j
http://dx.doi.org/10.1039/C2CP43516K
http://dx.doi.org/10.1039/C2CP43516K
http://dx.doi.org/10.1103/PhysRevLett.88.226801
http://dx.doi.org/10.1103/PhysRevLett.88.226801
http://cdmd.cnki.com.cn/Article/CDMD-10613-1013252088.htm
http://cdmd.cnki.com.cn/Article/CDMD-10613-1013252088.htm
http://dx.doi.org/10.1063/1.4801439
http://pubs.acs.org/doi/abs/10.1021/jp902804f
http://pubs.acs.org/doi/abs/10.1021/jp902804f
http://dx.doi.org/10.1103/PhysRevB.75.245407
http://dx.doi.org/10.1021/nl0617033
http://dx.doi.org/10.1103/PhysRevLett.98.206805
http://dx.doi.org/10.1103/PhysRevLett.98.206805
http://dx.doi.org/10.1103/PhysRevB.63.245407
http://dx.doi.org/10.1103/PhysRevB.65.165401
http://dx.doi.org/10.1088/0953-8984/14/11/302
http://dx.doi.org/10.1088/0953-8984/14/11/302

32 % R  Acta Phys. Sin. Vol. 66, No. 9 (2017) 098501

Design and electronic transport properties of organic
thiophene molecular rectifier with the graphene
electrodes”

Zu Feng-Xia!  Zhang Pan-Pan" Xiong Lun®’ Yin Yong"
Liu Min-Min?  Gao Guo-Ying?

1) (School of Science, Wuhan Institute of Technology, Wuhan 430205, China)
2) (School of Physics, Huazhong University of Science and Technology, Wuhan 430074, China)

( Received 29 October 2016; revised manuscript received 20 January 2017 )

Abstract

Molecular electronics offers new possibilities for continually miniaturizing the electronic devices beyond the limits of
standard silicon-based technologies. There have been significant experimental and theoretical efforts to build thiophene
molecular junctions and study their quantum transport properties. However, in most of these studies Au is used as
lead material. It is well known that the fabrication of the traditional molecular device is now hindered by technological
difficulties such as the oxidation of metallic contacts, and the interface instability between the organic molecule and the
inorganic metallic electrodes. In this paper, we use the graphene electrodes to construct a series of thiophene-based
devices. The graphene electrodes proposed in this paper are able to avoid such problems. Moreover, the stability of
graphene electrodes at room temperature paves the way to studying the electron transport through a single molecule
under the ambient conditions. Firstly, we design a series of molecular rectifying devices based on thiophene dimer and
its derivatives, in which the hydrogen atom on the thiophene monomer is substituted with a representative electron-
donating group (—NHs;) and electron-withdrawing group (—NO3). Secondly, we investigate systematically the electronic
transport properties through these molecular junctions by performing the first principles calculations based on density
functional theory and nonequilibrium Green’s function. The calculated results show that these thiophene molecular
devices substituted with —NHy and —NO3 possess the rectifying behavior and negative differential resistance properties.
Furthermore, we also find that the position of substituent group —NH2 or —NO3 has a major influence on the electronic
transport properties. In order to explore the physical mechanism behind these transport properties, the electronic
structures of the molecules, the transmission spectrum, and the molecular projected eigenstates are analyzed. The
results reveal that the position of NHy can adjust the intensity of the negative differential resistance. When the NHy
group is close to the molecular end, the negative differential resistance behavior in this molecular device is more prominent
than in other molecules. In addition, the position of NO2 can change the direction of the rectification. When the NO2
group is close to the molecular end, the current in negative bias is larger than in positive bias, resulting in a negative
rectification. In contrast, when the NO2 group is close to the molecular centre, a positive rectification occurs. Our results
can provide a worthy complement to thiophene molecular experiment, and also has a guiding significance for designing

other molecular electronic devices.

Keywords: molecular electronics, nonequilibrium Green’s function, graphene, thiophene
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