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Abstract

Tunneling effect in one-dimensional organic semiconductors in the presence of an external electric field is studied within the framework of
a tight-binding model and a nonadiabatic dynamical method. It is found that under a high electric field, electrons can transit from the valence
band (VB) to the conduction band (CB), which is demonstrated to be Zener tunneling in organic semiconductors. The results also indicate a
field-induced insulator—metal transition accompanied by the vanishing of the energy gap. It is found that, after the field is turned off, the Peierls

phase cannot be recovered.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

For about three decades conjugated polymers have been at-
tracting considerable interest both in theory and experiment
due to their unusual physics properties and potential applica-
tions [1-3]. In conjugated polymers there exists strong cou-
pling between electrons and lattice atoms, which induces a
single-double bond alternation and an energy gap between the
highest-occupied molecular orbital (HOMO) and the lowest-
unoccupied molecular orbital (LUMO) [4]. Such kind of Peierls
instability contributes to the low conductance of the system.
It has been generally accepted that one-dimensional conju-
gated polymers belong to the family of organic semiconductors
(OSEs). The OSEs share some common properties with inor-
ganic semiconductors [5], although the predominant carriers in
these two materials are different. The issue of high-field trans-
port in solids is of great concern and has been investigated for
many decades due to the basic interest in the physical phenom-

* Corresponding author at: School of Physics, Shandong University, Jinan
250100, China. Tel.: +86 0531 88377035 8369; fax: +86 0531 88377031.
E-mail address: liuds@sdu.edu.cn (D.S. Liu).

0375-9601/$ — see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.physleta.2008.03.033

ena involved and many important applications. Early theoretical
contributions were made by Bloch and Zener in 1930s [6,7]. It
was shown by Bloch that electrons in a periodic lattice poten-
tial subject to a high electric field perform temporal and spatial
oscillations—Bloch oscillations (BO) [6]. Recently, Bloch oscil-
lations in a one-dimensional organic lattice was investigated in
detail by Li et al. [8]. It was found that an electron derived from
a dissociated polaron at a high electric field propagates in the
form of a freelike electron and performs BO with a net forward
displacement in the direction of the field. Based on Bloch’s
work, Zener further demonstrated that tunneling between Bloch
bands is possible at a sufficiently high electric field (Zener tun-
neling) [7]. Since Zener explained the electrical breakdown of
solid dielectric in terms of interband tunneling, the phenom-
enon of Zener tunneling has attracted considerable interest,
particularly in modern nanoscale devices. A large amount of
studies have been devoted to its application in various physi-
cal systems, such as current-driven Josephson junctions [9,10],
atoms in an accelerating optical lattices [11], and field-driven
superlattices [12]. It was also explored in a series of experi-
ments [13-15]. To the best of our knowledge, Zener tunneling
in organic semiconductors is rarely referred to. In this Letter,
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we consider the dynamical evolution of electronic states in a
conjugated polymer chain under a high electric field, and try to
explore the possible Zener tunneling effect in organic semicon-
ductors.

2. Model and methodology

The well-known Su-Schrieffer—Heeger (SSH) model is
adopted to describe the quasi-one-dimensional polyacetylene
(PA) chain. The model which involves primarily electron—
lattice interactions has been widely used for studying the prop-
erties in PA. The Hamiltonian is expressed as

H = Heje + Hiy + Hfie. (1)

H.Je refers to the electronic part

Heje = — Ztn,n—H (C;rcn+l + C;l:,lcn)v 2
n
where t,, ,1+1 = [fo — o (un+1 — u,)] is the hopping integral of &
electrons between sites n and n + 1, « represents the electron—
lattice coupling constant, u, is the monomer displacement of
site n, and cj,‘ (cn) denotes the creation (annihilation) operator
of an electron at site n. The internal electron—electron inter-
actions are neglected. It has been predicted that the electron—
lattice interactions dominate the properties of the polymer [16].
The polymer lattice is treated as

K M [ Bun \’
5 (g —un>2+72( — ) , 3)

n n

Hia =

where K is the elastic constant and M is the mass of a CH

group.
The contribution from the external field is
Hpie =e|E(t) Y (na+un)(c;fen — 1), “)
n

where e is the electronic charge and a is the lattice constant.
To avoid the drastic vibration of lattice atoms, the electric field
E(t) is applied with a linear function Egt/t.. After t = t., the
electric field keeps constant as Eg. A similar smooth way is also
adopted when the electric field is turned off. Here z. = 100 fs
for all the calculations presented below.

In the absence of the external electric field, the static struc-
ture or the initial conditions are determined by minimizing the
total energy of the system. In the presence of the electric field,
the evolution of the system is traced through the equation of
motion of electronic state ¥, (n, t)

ih%lllv(n, 0 = —ty 1 W+ 1,1) — byt n Wl — 1,1)
+eE(t)(na+u,)¥,(n,t), (&)
and the equation of motion of lattice displacement u,,
Miin (1) = =K [2un (t) = tp41 (1) — tn-1(1)]
+ 20 [ pun1(1) = ppa—1(1)]
+ eE(0)[pnn(t) = 1] = My (1), (6)

where the element of the density matrix is defined as
Pr = 3. 1) foWy(n',1). (7)
v

fuv 1s the time-independent distribution function depending on
the initial occupation (being 0, 1, or 2). The last term in Eq. (6)
is a viscous damping term describing the heat dissipation to the
surrounding medium, where the damping parameter A can be
adjusted to get a desired damping.

For any given time, electronic state ¥, (n,t) may be ex-
panded on the basis of the instantaneous eigenstates

Wy(n, 1) =) Coudu(n,1), ®)
"

and ¢, (n, t) satisfies the instantaneous eigen-equation at time ¢

Hele ()¢ (n,1) = €, (1)Pp(n, 7). €))

For our study, it is convenient to present the electronic dis-
tribution among the instantaneous eigenstates, which is,

() =Y |Co . (10)

Different from the adiabatic dynamics with a fixed occupation,
the electronic distribution among the instantaneous eigenstates
may be changeable. The above coupled differential equations
(5) and (6) are solved by the Runge—Kutta method of order eight
with step size control.

3. Results and discussion

In this section, we present the results of electron tunneling
in a one-dimensional conjugated polymer chain. The value of
the parameters in the Hamiltonian is chosen as those gener-
ally used for PA: 19 =2.5eV, a =4.1 eV/A, K =21 eV/A?,
a=122A, M =1349.14 eV fs*> /A2 [8]. Considering a neutral
conjugated polymer chain with 80 monomers, 80z electrons
doubly occupy the 40 levels of the valence band and the conduc-
tion band is empty. We take the perfectly dimerized configura-
tion as the initial condition. The external electric field is applied
smoothly. It arrives at an amplitude value of E =35 mV/A at
t = 100 fs and then keeps constant. Soon after the electric field
is turned on, polarized charges appear due to the strong electric
field. The time dependence of the polarized charges is displayed
in Fig. 1, where the solid line presents the total charges distrib-
uted in the left half of the chain, and the dotted line presents
those in the right half. We find that it takes about 500 fs for
the system to reach a dynamical balance. At the present electric
field, the amount of the polarized charges is about 5 e. Similar
studies for a number of different strengths of the electric fields
are also performed, and it is found that the amount of the po-
larized charges increases with the enhancement of the electric
field. Once the electric field is turned off, the polarized charges
vanish rapidly.

We now turn to the occupation number 7, of the instanta-
neous eigenstate |¢,, (t)). Fig. 2 shows the change of the occu-
pation of instantaneous eigenstates |¢40 (7)) and |¢41 (¢)), which
are influenced by the electric field more sensitively than the
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Fig. 1. Time evolution of polarized charges of the left half chain (thick solid
line) and the right half chain (thin dotted line) in the presence of the electric
field E =35 mV/A.
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Fig. 2. Occupation numbers of eigenstates |40 (7)) and |¢p41 (¢)) from ¢ = 100 fs
to ¢ = 150 fs. The applied electric field is E = 35 mV/A. The triangle indicates
the occupation number of eigenstate |¢p40(¢)) and the square indicates the oc-
cupation number of eigenstate |¢41 (¢)).

other instantaneous eigenstates. For |¢41(?)), which is the in-
stantaneous eigenstate corresponding to the bottom level of the
conduction band, it is empty at the beginning. Electrons in the
valence band begin to transfer to |¢41(f)) at about t = 140 fs.
Meanwhile, it is found that the occupation number of [¢p49(f))
is reduced. It can be speculated that the electron transition
to |¢a1(2)) is thoroughly contributed from |¢40(2)) due to the
fact that during this time the occupation of the other instanta-
neous eigenstates keeps unchanged. The charge transfer from
the valence band to the conduction band is identified as Zener
tunneling. With the increase of time, more instantaneous eigen-
states participate in the electron transition, and therefore more
and more electrons tunnel from the valence band to the con-
duction band. The time dependence of the occupation of all
the instantaneous eigenstates is depicted in Fig. 3. White and
black in the figure indicate a zero and a full occupation, respec-
tively, and gray a partial occupation. At the present field, we
find that electron tunneling mainly occurs among instantaneous
eigenstates from |¢31(¢)) to |¢so(¢)). For higher electric fields,
more eigenstates will be involved into the electron transition.
When the system reaches a dynamical balance, the occupation
nearly becomes fixed without large fluctuation. Once the field
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Fig. 3. Time evolution of occupation numbers of all the instantaneous eigen-
states. The applied electric field is E = 35 mV/A.
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Fig. 4. Time dependence of the lattice configuration y, = (—1)"(2u, —
ip—1 — Up+1)/4. The applied electric field is E = 35 mV/A.

is removed, partial electrons will relax from high levels to low
levels. The threshold electric field for electron tunneling to oc-
cur is about 32 mV/A, below which no tunneling is observed.

Fig. 4 shows the time dependence of the lattice configura-
tion (y, = (—1)"Quy, — up—1 — up+41)/4) at the present field.
Before r = 140 fs, there is no polarized charge distribution and
the lattice configuration keeps its perfectly dimerized state char-
acterized by order parameter y, = 0.04 A. After 1 = 140 fs,
the electrons near the top of the valence band begin to tunnel
into the conduction band and polarized charges appear in the
polymer chain. At the same time, the dimerized configuration
is destroyed. It is interesting to note that when the field is turned
off, the lattice atoms nearly take on a new alignment of equidis-
tant arrangement (y, = 0.0 A) except the lattice atoms at the
chain end.

We can get more information from the time dependence
of the instantaneous eigenlevels, which is plotted in Fig. 5.
It can be seen clearly that accompanied with Zener tunneling
the energy gap disappears. The electric field closes the gap
and combines the valence band and the conduction band into
one band. About 2 ps later, when the electric field is switched
off, the energy gap will not reappear. One can believe that the
conjugated polymer chain experiences a phase transition from
insulating phase to metallic phase. For comparison, we have
also performed simulations for a rigid semiconductor. The re-
sults show that in the rigid semiconductor the energy gap can
be recovered when the electric field is turned off. The differ-
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Fig. 5. Time evolution of the instantaneous eigenlevels in the presence of the
electric field E = 35 mV/A.

ence between organic semiconductors and rigid semiconduc-
tors is ascribed to the ‘softness’ of the organic semiconductor,
i.e., strong electron—lattice coupling. The issue of electric field-
induced phase transition was first put forward five decades ago
by Wannier [17] in the study on possibility of the Zener ef-
fect. Recently, the bias-induced insulator—metal transition in
a nanoscale metal/OSE/metal sandwich structure based on the
SSH model is reported theoretically by Wei et al. [18] motivated
by some experimental indications [19,20]. The insulator—metal
transition is explained with the energy levels crossover that
minishes the Peierls phase and delocalizes the electron states
near the energy gap at the threshold voltage. From our sim-
ulation, it can be concluded that a sufficiently high electric
field will induce an insulator-metal transition for the conju-
gated polymers.

4. Summary

In conclusion, we have studied the Zener effect in one-
dimensional organic semiconductors under a sufficiently high
electric field in the framework of the tight-binding model. The
perfectly dimerized configuration of a PA chain with the va-
lence band fully occupied and the conduction band empty is
taken as the initial state. Based on a nonadiabatic dynamical

method we find that Zener tunneling occurs in organic semi-
conductors characterized by the electron transition between the
valence band and the conduction band due to the strong field. It
is found that the strong electric field minishes the Peierls phase
and makes the energy gap to be zero, i.e., the insulator—metal
transition can be realized under a high field. After the field is re-
moved, the Peierls phase cannot be recovered. We also perform
simulations for a rigid lattice for comparison, and find that the
energy gap reappears after the electric field is turned off. The
difference is ascribed to the strong electron—lattice coupling in
organic semiconductors.
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