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In the framework of the density functional theory, using the method of non-equilibrium Green's func-
tions (DFT + NEGF) and in the local density approximation, the electrotransport characteristics of the “Au
— Bipyridine — Au” nanocontact were studied. The calculation is implemented in the program Atomistix
ToolKit with Virtual NanoLab. The current-voltage, dI/dV characteristics, the transmission spectrum and
the density of states of the nanocontact are calculated. It is shown that the transmission spectra of the
nanocontact are reminiscent of the spectrum of resonant tunnel structures. A shift in transmission spectra
was detected when a bias voltage was applied, which is explained by a voltage drop along the molecular
transition. It is shown that DDOS at negative energy (— 6 ~ — 1 eV) is significantly higher than at positive
energy. In the bias voltage range — 3 +— 0.5 V, a noticeable current oscillation is observed. It is shown that
a multitude of areas with negative differential resistance, possibly due to resonant tunneling of quasi-
particles, appear on the current-voltage characteristic of the nanosystem. The same changes are observed
on the dI/dV-characteristic. The results obtained may be useful for calculating new promising electronic
devices of molecular electronics.
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1. INTRODUCTION

At present, the development of exotic materials with
controlled electrophysical properties is becoming more
and more relevant for creating new types of electronic
devices in micro- and nanoelectronics [1, 2]. They differ
in their fundamentally new electrophysical properties
from traditional semiconductor materials and on their
basis develop new trends in electronics. Such areas of
electronics include superconducting electronics (see e.g.
[3-5]), organic electronics (see e.g. [6, 7]), molecular
electronics [8], single electronics [9, 10], and others,
where the working objects are nanoscale structures.

It is known that the effects of the rectified voltage,
negative differential resistance, spin filtration, and
others occur in nanostructures [11]. One of the most
attractive materials for molecular electronics is Bipyri-
dine (systematic name: 2-pyridin-2-ylpyridine, chemical
formula: C10HsN2) [12]. The structure of the Bipyridine
molecule is shown in Fig. 1.
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Fig. 1 — Bipyridine molecule structure
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PACS numbers: 73.63. —b, 73.40. —c, 72.90. +y

In [13], in the framework of the self-consistent non-
equilibrium Green method in combination with the
density functional theory (DFT), the electrotransport
properties of a 4.4-bipyridine molecule located between
two Au_111 surfaces were investigated. In this work,
using the TRANSIESTA 17 package, it was found that
the behavior of electron transport strongly depends on
the interface configuration and good agreement with
experimental measurements can be achieved by
lengthening the simulated molecular transition.

In this paper, an attempt was made using computer
simulation using Atomistix ToolKit with Virtual
NanoLab to determine the electrical characteristics of
the “Au — Bipyridine — Au” nanocontact.

2. SIMULATION MODEL AND METHODS

In this paper, the “Au — Bipyridine — Au” nanocon-
tact consisting of 196 atoms is considered. The Bipyri-
dine molecule is located between two gold (Au_111)
surfaces. The Bipyridine molecule is connected to the
gold electrodes through 12 and 17 hydrogen atoms (see
Fig. 1) by replacing them with gold atoms. The geome-
try of the studied nanocontact is shown in Fig. 2a-c.
The total length of the nanocontact is ~ 50 A. The elec-
trodes were obtained by expanding the central region
along the C axis by ~ 7.064 A. The distance between
the electrodes is ~ 85.79 A, where the central region of
the nanocontact of 142 atoms is located. The region of
active scattering includes the Bipyridine molecule and
three surface layers of Au_111. This area is in Fig. 2a
and marked in green.

Computer simulation of the electrotransport charac-
teristics of the “Au — Bipyridine — Au” nanocontact was
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carried out within the framework of the DFT using the
non-equilibrium Green’s function (NEGF) method in
the local density approximation (LDA) [14].

Simulation of characteristics is implemented in the
program Atomistix ToolKit with Virtual NanoLab [15].
(The basic equations of this method are described in
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where e is the electron charge, h is the Planck constant,
¢ 1s the energy, T (5) is the transmission function (spec-

trum), f (&) is the Fermi function of quasiparticle energy

distribution, kg is the Boltzmann constant, T, T, are
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detail in our previous works [16, 17]).

The current-voltage characteristic (CVC) of the
nanostructure is calculated on the basis of the well-
known Landauer equation, which indicates the funda-
mental relationship of the electric current with the
transmission spectrum:

A

the current temperatures of the left and right electrodes,
Uy, 4, are the electrochemical potentials of the left and
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To describe the interatomic interaction and optimi-
zation of the Bipyridine and Au structures, we used the
ReaxFF_SiCNH [18] and EAM_Au_Sheng 2011 [19]
potentials, respectively.

3. RESULTS AND DISCUSSION

The results of the calculation of the local density of
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states (LDOS) of the nanocontact are presented in j:
Fig. 3. As shown, at the Au - Bipyridine interface, a S 60
surge of LDOS ~ 110 eV-! A-3is observed. % 1
The evolution of the transmission function (spec- Q 4]
trum) of the “Au — Bipyridine — Au” nanocontact with s
increasing bias voltage from — 3V to 3V is shown in 20
Fig. 4a,b. Since the transport characteristics of the 1
nanocontact are determined by the transmission meth- 0]
od, we consider the behavior of the transmission func- T T T T VAR T T 1
tion at Viias = 0. At zero bias voltage, 14 distinct peaks GF W W o 054(arg:5unit%)6 s B .
are observed in the transmission spectrum at energies O Au o ¢ H N

of —5.4eV, —4.92eV, —4.08eV, —3.48¢eV, —2.52 eV,
—-2.04eV, —132eV, —-0.96eV, —0.36eV, 2.04¢eV,
2.52 eV, 3.12 eV, 3.72 eV and 5.4 eV.

Fig. 3 — LDOS of the “Au — Bipyridine — Au” nanocontact
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As shown in Fig. 4a, b, the transmission spectrum
peaks shift when a bias voltage is applied, and a de-
crease in the spectrum amplitude is observed relative
to Vhias = 0. Perhaps this spectrum behavior depends on
the spatial distribution of the renormalized molecular
orbitals and the voltage drop along the molecular tran-
sition [13].

The transmission spectra of the nanocontact with
maximum and minimum values resemble a spectrum of
resonant tunneling structures [20]. In our view, a pos-
sible resonant tunneling can be caused by small dimen-
sions of the central part of the nanoscale junction as
shown in Fig. 2. It is the effect of resonant tunneling
that determines the behavior of the electronic transport
in investigated nanostructures.

The results of the calculation of the Device Density
of States (DDOS) “Au — Bipyridine — Au” are presented
in Fig. 5.

As shown, the features of the transmission spec-
trum appear in the DDOS of the structure under con-
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sideration at the same energy values, since these val-
ues are directly proportional, ie.
T(e)=D(e-U)2my,/y (where U is the self-consistent

potential, y is the Luttinger parameter) [20]. The den-

sity of the state of a nanodevice at negative energy is
substantially greater (approximately 4.6 times) than at
positive energy.

The main peaks at 172.67 eV-1, 154.42 eV-1 are ob-
served at —3.96 eV and — 1.44 eV, respectively. With
positive energy, the maximum value of density of states
37.44 eV-1 appears at 5.64 eV.

The results of simulation of CVC and differential
conductivity are shown in Fig. 6. As shown, there is a
strong oscillation characteristics, forming peaks of
—8.48 pA, —5.16 pA, —5.16 A, —0.936 pA with the
application of a negative voltage of —2.39V, —1.95V,
—1.29V, —0.67V, respectively. The current minima
—10 pA, — 9.28 pA, — 6.15 pA occur at —2.22V, - 1.62V
and — 1.07 V, respectively.

Transmission (arb. units)

Energy (eV)

Fig. 4 — Evolution of the transmission spectrum of the “Au — Bipyridine — Au” nanocontact with increasing bias voltage Viias :
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Fig. 5 — DDOS of “Au — Bipyridine — Au” nanocontact

When a positive voltage is applied in the range from
0 to 0.9V, the current rises quasi-exponentially to a
value of 7.9 pA. After that, there is a slow current drop
to 5.83pA with Vbias=1.61V. In the range of
1.61 V=+2.4YV, the current rises again to 10.6 pA and
quickly drops to 9.88 pA with Vhias = 2.55 V. Noticeable

changes in the CVC form the areas of negative differen-
tial voltage.

The features of the CVC of the nanocontact are
clearly manifested in their differential conductivity
(Fig. 6). The maximum differential conductivity of
42.44 pS is observed at a bias voltage of 2.75 V, and the
maximum negative differential conductivity of
—18.9 uS is at a bias voltage of — 1.79 V.

At a negative bias voltage, the dI/dV spectrum has a
strongly oscillating character. The differential conduc-
tivity maxima of 26.57 uS, 28.63 uS, 20.73 uS and
23.83 uS occur at Vhias equal to —2.53V, —2.09V,
—1.48 V and — 0.89 V, respectively. The minima of dif-
ferential conductivity are observed as dips — 10.38 uS,
—13.8 uS, —18.9 uS, — 6.84 uS, — 1 uS when a voltage is
applied of -2.72V, -231V, -179V, -1.17V,
—1.17V,-0.63V, respectively.

With a positive bias voltage, the highs of 16.28 uS,
1.43 uS, 2.65 uS, 16.81 uS, 42.44 uS appear at 0.63 V,
1.3V, 1.72V, 2.25V, 2.75V, respectively. The dI/dV
minima of —4.69 uS, —3.7uS, 0.22 uS, and 7.45 uS
occur when Vhias 1s equal to 1.09V, 1.49V, 1.88V, and
2.47 V, respectively.
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Fig. 6 — Current-voltage and dI/dV characteristics of the “Au — Bipyridine — Au” nanocontact

4. CONCLUSIONS

Thus, in this work, within the framework of the densi-
ty functional theory, the basic electrical characteristics
(density of states, transmission spectra at various values
of bias voltage, CVC, differential conductivity) of the “Au —
Bipyridine — Au” nanocontact are studied.

It is shown that the CVC of the nanocontact is
characterized by a sharp increase in the tunneling cur-
rent at certain voltage values, possibly due to resonant
tunneling of quasiparticles, and many sections of nega-
tive differential resistance are observed on the CVC.

It was revealed that the IV and dI/dV characteris-
tics of the nanocontact at a negative bias voltage oscil-
late. The evolution of the transmission spectrum of a
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Komm'rorepHe Moge/IIOBaHHS €IeKTPOTPAHCIIOPTHUX XaPAKTEPHUCTUK HAHOKOHTAKTY
“3osoTo — Binipugun — 30/1010”

D. Sergeyev?l.2

L Zhubanov Aktobe Regional University, 34, Moldagulov Ave., 030000 Aktobe, Kazakhstan
2 Begeldinov Military Institute of Air Defense Forces, 39, Moldagulov Ave., 030012 Aktobe, Kazakhstan

Y pamrax Teopil QYHKIIOHAIY IIFHOCTI, BUKOPUCTOBYIOUM METOJ HepIBHOBaKHUX (yukIi#i ['pina
(DFT + NEGF), i B HabsmsxeHH] JIOKAJIbHOI IIIHHOCTI, 0y BUBYEH] eJIEKTPOTPAHCIIOPTHI XapaAKTePUCTUKA
HaHOKOHTAKTY “3oJ10T0 — Bimipuaua — 3os010”. PospaxyHok peasizoBanwmii y nmporpami Atomistix ToolKit 3
BuUKopucTaHHAM 3abe3neuenHs Virtual NanolLab. PospaxoByorbes BobT-aMIepHi XapaKTePUCTHAKH, Xapa-
Krepuctuku dI/dV, ciekTp TpoIycKaHHs 1 MIIBHICTh CTAHIB HAHOKOHTAKTY. [lokasaHo, 1110 CIIeKTPHU IPOITy-
CKAHHS HAHOKOHTAKTY HATaIyIOTh CIEKTDP PE30HAHCHUX TYHEJbHUX CTpyKTyp. [lpm 3actrocyBanui Hampyru
3MIIIEHHST BUSBJIEHO 3CYB CIIEKTPIB IIPOIIYCKAHHS, III0 IIOSICHIOETHCS MMAIHHSIM HAIPYTH HA MOJIEKYJISIPHOMY
nepexomi. [Toxasano, mo DDOS mpwu Big'emuiit eHeprii (— 6 +~ — 1 eB) 3HauHo BuINe, HIsK IPU J0IATHIN eHep-
rii. ¥V giamasoni Hampyr 3cyBy — 3 + — 0.5 B cmocTepiraerbes momiTHe KoJMBaHHA cTpyMy. I[lokasamo, mo Ha
BOJIBT-aMIIEPHINA XapaKTePUCTHUINl HAHOCUCTEMHU 3'ABJISEThCS 0e3iid o0JiacTeil 3 BIIeMHHM JTU(EPEHINalb-
HUM OIIOPOM, MOKJIMBO, BHACJIZOK PE30HAHCHOTO TYHEJIOBAHHSI KBAa3l4acTHHOK. Takri sk 3MiHM crocrepira-
0Thes 1 Ha xapaxrepuctuill dI/dV. OrpuMani pe3yIbTaTé MOMKYTh OyTH KOPUCHUMHU JIS PO3PAXYHKY HOBHUX
MEePCIIeKTUBHUX eJIEKTPOHHUX IIPUCTPOIB MOJIEKYJISIPHOL €JIEKTPOHIKH.

Knrouori cnosa: Enexrponnuit tpamcnopr, Hanoronrarr, Bimipuana, HeraruBuuit mudepeHiaapHui
omip, BosbT-ammepaa xapakreprucTruKa.
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