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The role of a gate potential on the formation of a tunnel current
in the system “electrode—molecule—electrode” has been studied in
the configuration where the interior part of the molecule is a linear
bridge with strongly delocalized molecular orbitals, the energies of
which are assumed to be well separated from both the Fermi levels
of electrodes and the electron levels of molecular end groups. It
has been shown that the electric potential of the gate electrode
governs the molecular conductivity by shifting the electron levels
of the bridge. Hence, the current-voltage characteristics of such a
molecular device can be controlled in a wide range of bias voltages.

1. Introduction

First researches of conduction properties of organic
nanostructures — such as nanowires, carbon nanotubes,
molecular monolayers, and individual nanomolecules —
have been started more than 30 years ago [1,2]. Nowa-
days, owing to the prospects of the development of
molecular nanoelectronic devices, those researches at-
tract a special attention [3-7]. A few basic theoreti-
cal approaches to the description of the charge trans-
port through a molecule or a molecular wire have been
formed. These are the formalism of nonequilibrium
Green’s function [8-10], the method of nonequilibrium
density matrix for open quantum-mechanical systems
[11,12], and the simulation of molecular properties in the
framework of the density functional theory [13-15]. Ex-
periments and numerical simulations show that molecu-
lar conductors reveal a rich spectrum of properties. In
particular, they can be characterized by a negative dif-
ferential resistance; moreover, they can serve as current
switches and rectifiers [8, 16, 17]. The special attention
is paid to the simulation of rectifying properties of the
“electrode—molecule—electrode” system [19, 22-25]. To-
day, monomolecular devices which behave like a diode
[26], a transistor [27], or a memory cell [28, 29] can be
fabricated. Owing to the novel technique aimed at mea-
suring the conductivity of molecular nanoobjects with
the help of a double-tip scanning tunneling microscope
combined with a scanning electron microscope [30], it
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became possible to directly study currents that pass
through a molecule.

A system, in which a molecule is affected by a con-
trol (gate) electrode, is of considerable interest. This
electrode is capable of changing the level arrangement
of those molecular orbitals (MOs) which participate in
the charge transfer. Therefore, it plays, like a contact
between the molecule and the electrodes, a substantial
governing role at the electron transmission [18,21,23]. In
this work on the basis of the results obtained earlier for
the elastic electron transport through saturated carbon
chains with two terminal groups [31-33|, the influence
of a gate potential on the current-voltage characteris-
tics of the electrode—molecule-electrode (EME) system
is studied.

2. Model and Basic Relations

In Fig. 1, the diagram of a molecular device that is func-
tioning as a transistor is depicted. The device consists of
a linear molecule, the right (R) and left (L) electrodes,
and the gate (G) electrode, the field of which influences
the internal regular part of the molecule. The molecule
is a chain composed of N + 2 units. The terminal units,
the 0-th and the (N + 1)-th ones, are in contact with
electrodes L and R, respectively. The remaining part of
the molecule is a regular bridge (B) which counsists of
N internal units of the molecule. Owing to the strong
non-diagonal interaction between adjacent units of the
bridge (the corresponding parameter is 3.), its electron
MOs are strongly delocalized. The energy of an excess
electron on the bridge MOs is high in comparison with
the corresponding energies in the terminal units and the
Fermi levels of electrodes. Therefore, the probability of
finding an electron on the bridge can be regarded as in-
finitesimally small. The gate electrode G affects, by its
potential Vi, the arrangement of energy levels of bridge
MOs, but does not practically change the energy of elec-
trons that arrive at the terminal units of the molecule in
the course of charge transmission. The gate electrode is
also assumed to be well insulated from the molecule, so it
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Fig. 1. Block diagram of a molecular transistor composed of the
transport system electrode—molecule—electrode and an additional
electrode G

does not participate directly in the charge transmission
through the molecule. The interaction of terminal units
of the molecule with the k-th level of the adjacent elec-
trode is characterized by the parameters Orx and (g,
and with the 1-st and the N-th unit by the parameters
(1 and By, respectively.

The EME system under consideration is similar to
that studied earlier in work [31]. However, the EME sys-
tem additionally includes now the gate electrode which
should be taken into account, when constructing the sys-
tem Hamiltonian. Using the results of works [31-33] for
the model of broad electrode bands, we obtain the fol-
lowing diagonalized Hamiltonian of the EME system:

H=Hpp+H. (1)

Here, the electrode Hamiltonian looks like

Hip = Z ZErkaa:[kgarkav (2)

r=L,R k,o

where E,, is the energy of an electron with the spin
projection o and the wave vector k which belongs to the
conduction band of the r-th (r = L, R) electrode; and
aika and a,x, are the creation and annihilation opera-
tors of this state, respectively.

The second term in Eq. (1) is the effective Hamiltonian

of the molecule

H = Z {go(V)a(T)oaog +enn(V)ak ,on 10+

o

N
+> eV, VG>aLUaW] : (3)

p=1
where a]:\g and ay, (A=0,1,..., N+1) are the creation

and annihilation operators, respectively, of an electron
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Fig. 2. Electron energy diagram of a molecular transistor with
delocalized bridge molecular orbitals. puy, and pugr are the chemical
potentials of the left and right electrodes, respectively

with spin projection ¢ on the A-th molecular orbital.
The MO energies of terminal groups look as follows:

i
coN+1) = Eov41) (V) — §F0(N+1)~ (4)

Here, Eo(V) and En1(V) are the energies of an excess
electron, which is located on the 0-th and the (N + 1)-
th unit of the molecule, respectively (Fig. 2). Those
energies depend on the electric potential difference V'
applied between electrodes L and R. Below, we assume
that the potentials of the right and left electrodes are
equal to V/2 and —V/2, respectively. Then

elV
Eo(V) = Fy+ 7| |2 (1 — 27’]0)7

le| V

Enii(V)=Eny1 — (1 —2nNn+1), (5)

where |e| is the elementary charge, and Ey and FEn41
are the corresponding electron energies at V= 0. The
quantities 79 and nyy1 make allowance for the geomet-
ric positions of the end molecular units with respect to
their adjacent electrodes, with no(n41) = ag(n+1)/d (see
Fig. 1).

The quantities I'g and I'y41 are the broadenings of
MO levels, which the transported electron is located on.
The broadening results from the interaction with elec-
trodes L and R. In the approximation of the wide con-
duction band of a metal, those quantities do not depend
on the energy of a tunneling electron E [8], we have

Covs1) = Doy (E) =

:27TZ‘BL(R)k‘26(E_EL(R)k)' (6)
k

ISSN 2071-0194. Ukr. J. Phys. 2010. Vol. 55, No. 6



GATE ELECTRIC FIELD CONTROL

The energy of every pu-th MO of the internal part of the
molecule (= 1,2,...,N) looks like

il (7)

en(V,Va) = Eg(V, Vi) — 26, cos Nl

where Ep(V, Vg) is the energy of an electron on a sepa-
rate unit of the bridge in the absence of delocalization.
This quantity depends not only on the interelectrode po-
tential difference V', but also on the gate potential Vi:

Ep(V,Va) = Ep — |e| Vs — le| Va. (8)

In Eq. (8), np is a deviation of the bridge “center” from
the mid-point of the distance between the electrodes,
np = 0p/d, and Ep is the electron energy at zero po-
tentials.

Hamiltonian (3) can be used, if the external electric
field V' does not destroy the delocalization of the bridge
MOs. This is possible, provided that the following con-
dition is satisfied [33]:

oV 2<a)2 1 sinNL_Hsin 1\?—:1 <1
2 3 3T -3 s .
80, d/ (N +1)" |sin soveDy S0 SN

(9)

3. Controlled Tunnel Current

With the gate electrode, the EME system is a molecu-
lar transistor. Since the energy levels of the bridge MOs
are located rather far from the electrode Fermi levels, the
dominant mechanism of current flow through this molec-
ular transistor is the tunnel electron transfer by means of
the superexchange mechanism [31]. Under condition (9)
in the case of a non-magnetic molecule and non-magnetic
electrodes, we obtain the following expression for the
current:

Fol'n1

I(V.Vg) = IOT

2 22
BB 41 X

x {(6’ — AEn. (V) + (Flvz“)?] X
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y sinh? A(AER(V,Vg) — €')
sinh? (N +1)A(AER(V,Vg) — )]

(10)

where the quantity

g g 2 1
23, * <2ﬁc) -

characterizes the superexchange coupling between termi-
nal units 0 and N 4 1 of the molecule. In Eq. (10), the
current unit Iy = |e| /(7h) = 77.6 pA was introduced,
and all energy quantities are reckoned from the Fermi
level Er of electrodes at V = 0:

Ae) =In (11)

lelV

AEy(V) = Eo(V) — Er = AEy + 5 (1 —2n0),

AEN(1 (V) =Ena(V) - Ep =

e|V
:AEN+1_| |

(1—-2nNn41),

AER(V,Vg)=E(V,Vg) — Er =

=AEp — |e|Vnp — |e| Ve. (12)
The quantities AEy and AFEy4; stand for the energy
gaps between the Fermi levels in the electrode and in the
corresponding terminal unit in the molecular chain, and
AEp is the gap between the Fermi level in electrodes and
the energy of an electron transferred along the bridge
units without taking the delocalization into account and
at V =0.

In expression (10) obtained for the tunnel current,
the gate characteristics are included into the param-
eter A(AE(V,Vg) —€). One can see that, owing to
the presence of the bridge, the gate electrode potential
considerably affects the effective superexchange interac-
tion which is formed between the terminal molecular
groups and, hence, the tunnel current. As follows from
Fig. 3, the current dependence on the gate potential is
exponential-like, with the deviations from the exponen-
tial law becoming larger both when the length of the
molecule grows and when the width of the energy gap
that separates the bridge from the terminal units of the
molecular chain and the electrodes diminishes (this oc-
curs, when the positive potential of the gate increases).
As a result of such a monotonous dependence, the ad-
ditional electrode in the EME system turns out to be a
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Fig. 3. Dependences of the tunnel current through a molecular
transistor on the gate potential. Calculations were carried out
by formulas (10)—(12) with the parameter values AEg = 5 eV,
AEO = AEN+1 = 0.3 eV, ,Bc =15 eV, ﬂo = ,8N+1 =04 eV,
I'o=In41=04eV,ng =0,1n0 =nny41 =0.15
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Fig. 4. Influence of the gate potential on the shape of current-

voltage characteristics of a molecule mounted in between the elec-
trodes. Calculations were carried out by formulas (10)—(12) with
the same parameter values as in Fig. 3

control device for the current value within the range of
several orders of magnitude (Fig. 4).

For the system under examination, the influence of
the electric field produced by electrodes L and R on the
superexchange coupling between electrodes is assumed
to be weak. Therefore, the parameter x of current at-
tenuation with increase in the distance, which is the key
characteristic of the tunnel current damping according
to the law I ~ exp(—kd), can be described by the simple
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Fig. 5. Effect of a distance damping reduction of the tunnel cur-
rent through the molecule at the growth of the gate potential.
Calculations were carried out by formulas (10)—(12) with the same
parameter values as in Fig. 3

expression

5= 2A(AE5(Vo). (13)
It is evident that the gate potential, which directly influ-
ences the energy of electron levels in the bridge, modi-
fies the attenuation factor by changing the tunnel barrier
amplitude AEp (V). This effect is clearly demonstrated
in Fig. 5: the higher the potential Vi, the closer is the
bridge energy (8) to the Fermi levels of electrodes and
the more slowly the current decreases with increase in
the molecule length.

4. Conclusion

In this work, a model of molecular transistor is proposed,
which is the electrode—molecule—electrode system, where
the linear molecule contains terminal groups that contact
directly with corresponding electrodes, and the internal
regular part consists of IV identical units. The chemi-
cal composition of internal units is such that the state
of an excess electron in those units is strongly delocal-
ized, with the lower level being located far from both the
electron energy level on the Fermi surfaces of electrodes
and the energy of the excess electron in the terminal
groups. Such a situation becomes possible, if the inter-
nal units of the chain are composed of atoms which are
connected with one another by saturated (unary) chem-
ical bonds (for instance, CHy groups) or by alternating
unary and ternary bonds. Bridges consisting of five- or
six-membered rings connected by saturated bonds are
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also possible [26]. The remoteness of the energy of an
electron in the internal molecular units results in that
the electron is transferred from one electrode to another
owing to the superexchange (tunnel) mechanism, when
the tunnel barrier is mainly formed by internal units of
the linear molecule. Provided that condition (9) is satis-
fied, the electric field of the gate changes only the height
of this barrier rather than its shape. The barrier height
variation leads to an appreciable (by several orders of
magnitude) change of the tunnel current. Hence, the
gate governs the current through the linear molecule,
and the molecule itself plays the role of a nanomolecular
transistor.

The work was supported by the program “Nanostruc-
ture systems, nanomaterials, nanotechnologies” (project
3/09-N).
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Translated from Ukrainian by O.I. Voitenko

PEI'VJIIOBAHHA TYHEJILHOT ITIPOBIIHOCTI
MOJIEKVYJ/IN EJIEKTPUYHUM IIOJIEM 3ATBOPA

€.B. Illesuenxo, E.I. Ilempos
PesowMme

PosrisinyTo BIUIMB HOTEHIjaly 3aTBOPHOIO eJIeKTpoJa Ha (hop-
MyBaHHSI TYHEJIBHOIO CTPYMY B CHCTEMI “€JI€KTPOA—MOJIEKYia—
€JIEKTPOX’, B fKifl BHYTDIIIHSA YaCTHHA MOJIEKYJIH SIBJISIE COOOIO
JIHIAHAA MICTOK i3 CHJIBHO JEJIOKAJII30BAHUMU MOJIEKYJISPHUMU
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opbiTajsiMu, 110 €HEePpreTUYHO J00pe BiJOKpeMJIeHI siK BiJl piBHIB
Depwmi ereKTpoaiB, Tak i BiJl €JEKTPOHHUX PIBHIB TepMiHAJIBHUX
rpyn MoJiekynu. ITokazaHo, 1110 TOTeHIiaJl 3aTBOPHOIO eJIEKTPO/IA,
3CyBalO4YM pO3TAIllyBaHHs €JIEKTPOHHUX PiBHIB MiCTKa, JO3BOJISIE

744

3MIHIOBATH MPOBIAHICTH MOJIEKYJIH. 3aBISIKU TAKOMY 3CYBY MO-
JKJINBO KEPYBAaTH BOJIBT-aMIIEPDHUMH XapaKTEPUCTUKAMHU MOJIEKY-
JIIPHOT'O IIPUCTPOIO B IIMPOKOMY Jlialla30Hi Pi3HUIL ITOTEHIiaJIIB,

10 IPUKJIaJa0THCHA.
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