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Abstract. A microscopic theory based on the orbital hybridization model via single orbital approximation
is developed to calculate the current variation in organic semiconductors that are coupled to the external
orbits from the environment. The charge transfer resulted from the orbital hybridization between the
environment and the organic semiconductor rebuilds the energy levels and eventually alters the transport
properties of the organic semiconductor. Two parameters in our theory, the orbital energy level of the
environment relative to the energy level of organic semiconductor and the orbital hybridization interaction,
dominate the current variation in the organic semiconductors. Our results show that the suppression of
atomic dimerization due to orbital hybridization gives rise to an increase of electrical conduction in organic
semiconductor. Also, after coupling with the environment, the charge-donating organic semiconductors are
more conductive than the charge-accepting ones.

1 Introduction

Organic semiconductors (OSCs) are gradually attracting
researchers’ attentions not only owing to their interest-
ing physical properties but also to their great potential
in future applications to molecular devices [1–3]. Thus it
is necessary to investigate the charge transport properties
of the material before it is employed for devices applica-
tions [4–7]. Generally speaking, except for those shielded
with insulating coatings, all materials are bound to be in-
fluenced by the environment. Therefore, for most cases it
is necessary to construct theories with the effects of envi-
ronment encorporated. Since the molecular weight of OSC
is lighter than that of inorganic semiconductors (IOSC),
therefore, compared with IOSC, OSC is more sensitive
to the external couplings from the environment. External
couplings to OSC has been studied [8] and considered in
the device application such as the gas sensors [9–11]. In
fact, external couplings occur in any hybri-OSC system,
for instance, once OSC is deposited on a substance or itself
adsorbs enough gases molecules (which we hereafter refer
to as the “environment” (ENV)) to form hybri-junctions,
the hybridization of the electronic orbitals of the substance
or the ENV hybridize with that of the OSC will lead to
a redistribution of charges, which is named as the charge
transfer (CT) between the OSC and the ENV [12,13].

CT is obviously a physical process of great importance
in bonding formation and transport properties among
atoms and molecules. Other than the orbital hybridiza-
tion, CT can also be induced through other mecha-
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nisms, for instance, electron-phonon (e-ph) interactions,
which evidently exists strongly in OSC and form polarons
through carriers in OSC [14]. Besides, the essential me-
chanical property of OSC, the electrical field screening
inside OSC, and the energy level difference between the
orbits of OSC and ENV [15–17] can also be sources of
producing CT. In addition, Coulomb barrier established
in the interface of the hybri-OSC is another factor to pro-
duce CT [18,19].

For the simplicity, we select a quasi-one dimensional
OSC as the sample, i.e., acetylene like OSC [20], which has
been extensively studied by Su-Schrieffer-Heeger (SSH)
model [21,22]. Via single orbital approximation we estab-
lish a formula to simulate the CT process between the
OSC and the ENV and calculate the current in the OSC
under various couplings to the ENV by employing Keldysh
non-equilibrium Green’s function method. The theory de-
veloped here is applicable to simulate CT process in DNA,
which is strongly coupled with ENV molecules [23].

The paper is organized as follows. Section 2 is the the-
oretical description, in which we demonstrate our theoret-
ical model and the methods used in detail. In Section 3,
we exhibit our results and discussions. Finally, there is a
summary in the end.

2 Theoretical description

The total Hamiltonian of our model consists of three sub-
systems,

H = He +Hs +HE . (1)
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He, represented in the semi-classical form, is the electronic
part of Hamiltonian in the traditional SSH model with
the strong electron-phonon (e-ph) coupling existing in the
OSC system,

He =
∑

n,σ

ε0|cn,σ〉〈cn,σ| −
∑

n,σ

tn,n+1(|cn+1,σ〉〈cn,σ| + h.c.)

+
Ks

2

∑

n

(un+1 − un + C)2, (2)

where tn,n+1 = t0 − α(un+1 − un) + (−)nte and ε0 is the
orbital energy level in the nth site state |cn,σ〉 of OSC with
spin index σ; t0 is the hopping integral in the OSC; un is
the atomic displacement for the nth molecule, and α is the
e-ph coupling constant; te is a small energy for diminishing
the energy degeneracy. The last term represents the spring
potential with an effective spring constant Ks, and the
constant C is determined by the length conservation.

When the bias Va is applied to the OSC and if the elec-
tric field is not screened completely, the electrical energy
HE arises,

HE =
∑

n,σ

V (n)(|cn,σ〉〈cn,σ| − 1), (3)

where V (n) is the electrical potential energy on nth molec-
ular site. In the linear potential drop approximation the
constant electric field, E = Va

(N−1)a and V (n) = −e[Va −
E((n − 1)a + un], where N and a are the total molec-
ular sites and the bond length of the OSC, respectively.
However, if the electrical field is screened completely, i.e.
E = 0 then V (n) = 0.

Hs in the Hamiltonian is the orbital coupling between
the OSC and the ENV,

Hs = V

(
∑

n,σ

|cn,σ〉〈dn,σ | + h.c.

)
+ Ep

∑

n,σ

|dn,σ〉〈dn,σ|,

(4)
where the first term represents the orbital hybridization
between the orbits of the OSC and the ENV via the cou-
pling constant V , and the second term represents the on-
site term with Ep denoting the orbital energy level of
ENV.

The bases |cn,σ〉 and |dn,σ〉 in equation (1) represent
the states for the OSC and the ENV in the nth molecular
site, respectively, and both states are not necessarily or-
thogonal to each other. Herein, we construct a new bases
set |αn,σ〉 and |βn,σ〉, via canonical transformation for each
molecular site,

|αn,σ〉 = cos(θn)|cn,σ〉 + sin(θn)|dn,σ〉
|βn,σ〉 = − sin(θn)|cn,σ〉 + cos(θn)|dn,σ〉, (5)

with θn = 1
2 tan−1( V

εs,n
) and εs,n = 1

2 (V (n) + ε0 − Ep).
Consequently, the total Hamiltonian becomes

H = H0 +Ht, (6)

where

H0 =
∑

n,σ

(ε0 cos2(θn) + Ep sin2(θn)

+V sin(2θn))|αn,σ〉〈αn,σ |
+

∑

n,σ

(ε0 cos2(θn) + Ep sin2(θn)

−V sin(2θn))|βn,σ〉〈βn,σ|
=

∑

n,σ

Eα
n,σ|αn,σ〉〈αn,σ| +

∑

n,σ

Eβ
n,σ|βn,σ〉〈βn,σ|

and

Ht =
∑

nσ

−tn,n+1 cos2(θn)(|αn+1,σ〉〈αn,σ| + h.c.)

−tn,n+1 sin2(θn)(|βn+1,σ〉〈βn,σ| + h.c.)

+
∑

nσ

tn,n+1

2
sin(2θn)(|αn+1,σ〉〈βn,σ| + h.c.)

+
tn,n+1

2
sin(2θn)(|βn+1,σ〉〈αn,σ | + h.c.). (7)

The Eα
n and Eβ

n in H0 are the hybridized energy levels at
the nth molecular site.

With equation (6), the ground state eigenvalues and
eigenfunctions are obtained by solving the Schrödinger
equation, H |ψμ,σ〉 = E|ψμ,σ〉. The ground state energy
EG is obtained by operating the Hamiltonian to the
μth eigenstate |ψμ,σ〉. Through Wannier expansion, each
eigenfunction is constructed by the linear combination of
new bases set, |ψμ,σ〉 =

∑
n(Zα

μ,n,σ|αn,σ〉 + Zβ
μ,n,σ|βn,σ〉),

with expansion coefficients Zα
μ,n,σ and Zβ

μ,n,σ, obtained
from the numerical calculation. The ground state energy,
EG =

∑
μ〈ψμ|H |ψμ〉, is then expressed as

EG =
Ks

2

∑

n

(un+1 − un + c)2

+
occ∑

μ,n,σ

(Eα
n,σZ

α∗
μ,n,σZ

α
μ,n,σ + Eβ

n,σZ
β∗
μ,n,σZ

β
μ,n,σ)

×(−tn,n+1 cos2(θn)Zα∗
μ,n+1,σZ

α
μ,n,σ + h.c.)

+(−tn,n+1 cos2(θn)Zβ∗
μ,n+1,σZ

β
μ,n,σ + h.c.)

+
(
tn,n+1

2
sin(2θn)Zα∗

μ,n+1,σZ
β
μ,n,σ + h.c.

)

+
(
tn,n+1

2
sin(2θn)Zβ∗

μ,n+1,σZ
α
μ,n,σ + h.c.

)
, (8)

with the summation of eigenstates, μ, counts only from
the lowest to the highest occupied states. Actually, we can
relax this restriction for nonzero temperatures by incorpo-
rating the Fermi-Dirac distribution function f(μ−μF ) to
the expansion coefficients Zα

μ,n,σ and Zβ
μ,n,σ and take into

account of all the states. The chemical potential, μF , in
the Fermi-Dirac function f(μ−μF ) = (e(μ−μF )/kBT +1)−1
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un+1 − un =
eE

Ks

occ∑

μ

Zα∗
μ,mZα

μ,m cos2(θn) + Zβ∗
μ,mZβ

μ,m sin2(θn) − 2α

Ks

occ∑

μ

(Zα∗
μ,n+1Z

α
μ,n + Zα∗

μ,nZα
μ,n+1) cos(θn) cos(θn+1)

− 2α

Ks

occ∑

μ

(Zβ∗
μ,n+1Z

β
μ,n + Zβ∗

μ,nZβ
μ,n+1) sin(θn) sin(θn+1) +

2α

Ks

occ∑

μ

(Zα∗
μ,n+1Z

β
μ,n + Zβ∗

μ,nZα
μ,n+1) sin(θn) cos(θn+1)

+
2α

Ks

occ∑

μ

(Zβ∗
μ,n+1Z

α
μ,n + Zα∗

μ,nZβ
μ,n+1) sin(θn+1) cos(θn) − C, (10)

C =
2eE

Ks(N − 1)

N−1∑

n=1

occ∑

μ

(Zα∗
μ,mZα

μ,m cos2(θn) + Zβ∗
μ,mZβ

μ,m sin2(θn)) +
2α

Ks(N − 1)

N−1∑

n=1

occ∑

μ

(Zα∗
μ,n+1Z

β
μ,n cos(θn+1) sin(θn) + h.c.)

+
2α

Ks(N − 1)

N−1∑

n=1

occ∑

μ

(Zβ∗
μ,n+1Z

α
μ,n sin(θn+1) cos(θn) + h.c.) − 2α

Ks(N − 1)

N−1∑

n=1

occ∑

μ

(Zα∗
μ,n+1Z

α
μ,n cos(θn) cos(θn+1) + h.c.)

− 2α

Ks(N − 1)

N−1∑

n=1

occ∑

μ

(Zβ∗
μ,n+1Z

β
μ,n sin(θn) sin(θn+1) + h.c.) (11)

is determined from the conservation of the total carriers,
2N ,

2N =
∑

μ,n,σ

f(μ− μF )|Zα
μ,n,σ|2 + f(μ− μF )|Zβ

μ,n,σ|2. (9)

In the ground state, the offset of the nth molecule’s equi-
librium position, un, is determined by the energy min-
imum, ∂EG(un)

∂un
= 0, from which the offset equation is

obtained as

see equation (10) above

where the constant C is given by

see equation (11) above.

The average amount of charge transfer Δn from the ENV
to the OSC is obtained from the difference of carrier oc-
cupation numbers between the α and the β states, with

Δn = nc − nd

=
1

2N

N∑

n=1

occ∑

μ

(cos2(θn) − sin2(θn))(|Zα
μ,n|2 − |Zβ

μ,n|2),

(12)

where nc and nd are the average electron number in the
orbits of the OSC and the ENV, respectively. When Δn

is positive the OSC serves as a charge acceptor, or as a
charge donor if Δn is negative.

We propose the length of OSC is limited to adopt
Keldysh non-equilibrium Green’s function formulation for
a nano-scale system, the current formula in the OSC is
calculated as,

I =
e

h

∫
dε[fL(ε+va)−fR(ε)]Tr{Ga(ε)ΓR(ε)Gr(ε)ΓL(ε)},

(13)
where fL(R) is the Fermi-Dirac distribution function for
the left (right) lead; ΓL(R)(ε) = 2πV 2

L(R)DL(R)(ε) is

the broadening function that comes from the coupling
VL(R) between the leftmost (rightmost) OSC molecule and
the lead, and DL(R)(ε) is the density of states (DOS)
of the left (right) lead; function of Gr(a)(ε) is the re-
tarded (advanced) Green’s function that is derived from
the Hamiltonian given by equation (6). The self-energies
come from the lead interactions are evaluated from these
Green’s functions,

Σα∈L,R(ε) =
∑

k,η→0

V 2
α

ε− εk + iη
, (14)

where εk is the carrier kinetic energy in the lead. If
the bandwidth of the lead is so large then, respectively,
the self-energy and the DOS can be approximated by
Σα∈L,R(ε) = −iπV 2

αDα(ε) and Dα(ε) = 2
W , where W is

the bandwidth of the lead.
All the energy parameters in this paper are scaled in

the unit of eV, the unit of the e-ph coupling constant α
is in eV/Å, and the spring constant Ks is in eV/Å2. The
hopping integral of the OSC, t0 = 2.5 and te = 0.1, and
the number of molecular sites in the OSC is set as N = 50
in the nano-scale region. The temperature is set to 300 K.

3 Results and discussion

Our results realize the CT process that takes place be-
tween the coupled orbits of the OSC and the ENV via
orbital hybridization. It can be readily understood that
charges will flow from the ENV to the OSC as the ENV
orbital energy level is higher than that of the OSC, making
the so-called acceptor-OSC. Reversely, we will have a so-
called donor-OSC with a higher OSC orbital energy level.
The charge flow rate increases with larger orbital energy
level differences. Figure 1 shows the amount of CT, Δn,
as a function of the coupling constant V for various ENV
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Fig. 1. The amount of transferred charge Δn as a function
of V for various orbital energy level of the ENV Ep. The spring
constant and electron-phonon coupling constant are Ks = 20
and α = 4, respectively.

Fig. 2. The amount of transferred charge Δn as a function of
electron-phonon coupling constant α for various orbital energy
level of ENV Ep, at V = 0.2 and the spring constant Ks = 20.

energy level Ep relative to OSC energy level ε0, which
is chosen as the energy reference and set to be zero. It
can be seen that Δn increases with V and is symmetric
between donor- (Ep > 0) and acceptor-OSC (Ep < 0).
In addition, greater energy difference between the OSC
and the ENV energy levels causes larger Δn. It is well
known that there are strong electron-phonon coupling in
OSC, which is manifested by the existence of polarons in
the system. Figure 2 shows Δn as a function of electron-
phonon coupling constant α. The results clearly illustrate
that CT is suppressed by the electron-phonon interactions
and the effect is more obvious at larger α values. It can
be understood by the fact that carriers are more seriously
trapped by phonons for stronger electron-phonon interac-
tions. Although the energy levels in OSC will be lowered
from the polaron binding energy, which has been inves-
tigated for justifying the CT should be increasing [24].

Fig. 3. The amount of transferred charge Δn as a function of
the spring constant Ks for various orbital energy level of ENV
Ep, at V = 0.2 and the electron-phonon coupling constant
α = 4.

Fig. 4. The difference of atomic equilibrium position offset
between two nearest neighbor sites, un+1−un, for various V at
atomic site n. The left and right figures correspond to acceptor-
OSC and donor-OSC, respectively. Here the displacement of
the first site is set to zero.

Actually, in this ENV coupled system the energy level of
ENV is also modified from the e-ph coupling by the orbital
hybridization. Besides, our model implicitly involving the
reduced hopping integral from the e-ph interaction, which
completely reflects the bandwidth reduction, is different
from the one modifying the orbital energy levels in the
reference [24]. The spring constant Ks in equation (2) is
related to the mechanical property of OSC. HigherKs cor-
responds to a more rigid OSC. It can be seen in Figure 3
that Δn increases with increasing Ks, which implies it is
easier to have CT in rigid OSCs.

It is known that a OSC with a half filled energy band
transforms from a conductor into an insulator through
the dimerization process resulted from the atomic dis-
placements induced by electron-phonon interactions [25].
The dimerization process drives the molecules in the wire
into pairs and consequently doubles the original lattice
periodicity. Our results displayed in Figure 4 clearly show
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Fig. 5. Current in the OSC as a function of the orbital coupling
constant V for various orbital energy level of ENV, Ep, at the
applied bias, Va = 0.5 V , e-ph coupling α = 4, and the spring
constant Ks = 20.

that the dimerization decreases with increasing orbital
coupling V . With the reference to Figures 1 and 2, in
which CT increases with V and decreases with α, respec-
tively, implying the suppressed electron-phonon interac-
tions caused by stronger orbital couplings of the ENV is
accompanied by an enhanced CT.

The aforementioned results indicate that stronger or-
bital hybridization V enhances the conductivity of OSC.
Such indication is confirmed by the results shown in Fig-
ure 5. Another important feature can be seen in Figure 5
is that donor-OSCs are more conductive than acceptor-
OSCs, which implies that choosing chemical dopants with
slightly lower energy level relative to that of OSC increases
the conduction of OSC. The difference in the conductiv-
ity for the two types of OSC comes from the lowered
chemical potential of the left lead caused by the applied
bias is closer to the highest occupied state of the donor-
OSC than that of the acceptor-OSC. Conduction varia-
tion in the acceptor- and the donor OSCs corresponds to
Ep = 0.3 and Ep = −0.3, respectively, are shown in Fig-
ure 6 by the currents as a function of applied bias. The
result that acceptor-OSC is less conductive than donor-
OSC can be accounted for by the result that the conduc-
tivity of acceptor-OSC does not increase monotonically
with increasing V . Such tendency implies that the current
variation is a result of nontrivial entangling between Ep

and V , which in turn is due to the difference between the
chemical potential of the left lead and the LUMO does
not change monotonically with V .

The magnitude of coupling constant α in equation (2)
represents the interaction strength of electron-phonon in-
teraction. The current suppression in OSC by the electron-
phonon interaction is shown in Figure 7. The result that
the current suppression in acceptor-OSC is more serious
than in donor-OSC is due to that there are more phonon-
dragged carriers in the acceptor-OSC as a result of an
effective increase of e-ph interaction. We confirm this as-

Fig. 6. Current in the OSC as a function of bias for various
orbital coupling constant V at e-ph coupling α = 4 and spring
constant Ks = 20. The left and right figures correspond to
acceptor-OSC and donor-OSC at Ep = 0.3 and Ep = −0.3,
respectively.

Fig. 7. Current in the OSC as a function of bias for various
electron-phonon coupling constant α with V = 0.2 and spring
constant Ks = 20. The left and right figures correspond to
acceptor-OSC and donor-OSC at Ep = 0.3 and Ep = −0.3,
respectively.

sumption from the investigation of the energy level dia-
gram in both types of OSC. In the diagram of the energy
levels relative to the chemical potential, μF is shown in
Figure 8, which clearly reveals two evidences: first, the μF

distinctly lies on HOMO and LUMO for donor-OSC and
acceptor-OSC, respectively, which is consistent with the
CT direction as-defined before; second, the energy lev-
els are leaving HOMO and LUMO with the increase of
e-ph interaction, which also consistently proves the fact
that the current decreases with the e-ph interaction. Fur-
thermore, if we observe the diagram more carefully, the
acceptor-OSC deserves more effective e-ph interaction as
we assumed, namely, at the same e-ph coupling, α, the
energy levels leave farther away HOMO and LUMO. The
spring constant Ks appears in equation (2) is related to
the mechanical properties of OSC, i.e. the stiffness of
materials. Relatively large Ks implies that OSC has a
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Fig. 8. The energy diagram for six e-ph coupling α from 0 to
5 integrals at V = 0.2 and Ks = 20. The left and right figures
correspond to acceptor-OSC and donor-OSC at Ep = 0.3 and
Ep = −0.3, respectively. The position of the crisscross is the
chemical potential, μF , calculated from equation (9) and the
two energy levels in central region are LUMO and HOMO,
respectively.

stronger bonding that produce a more rigid material. Fig-
ure 9 shows the conduction increases with increasing Ks

for acceptor-OSC as well as donor-OSC. This is owing
to the increase of conduction carriers accompanying with
increasing Ks in both types of OSC via increasing CT
as shown in Figure 3. The increasing rate of conduction
with respect to Ks in donor-OSC is larger than that in
acceptor-OSC is similarly owing to that electron-phonon
interaction is more effective in acceptor-OSC as described
by Figure 7.

4 Summary

We propose a microscopic theory to study the conduc-
tion variation in an environment-coupled organic semi-
conductor. Our model provides a charge transfer mecha-
nism based on orbital hybridization between orbits of the
organic semiconductor and the environment. The charge
transfer process is determined by the orbital energy level
difference between the environment and the organic semi-
conductor. As a result of charge transfer, an acceptor-
or donor-organic semiconductor is formed depending on
whether the orbital energy of the environment is higher
or lower than that of the organic semiconductor. Our re-
sults show that the orbital hybridization coupling and the
stiffness of the organic semiconductors are favorable fac-
tors for charge transfer between the environment and the
organic semiconductor, while electron-phonon interaction
is not. The conduction of organic semiconductors is af-
fected in a similar way; the conductivity increases with
stronger orbital hybridization interaction but is lowered
by stronger electron-phonon couplings. The conduction in
acceptor-organic semiconductors is found to be larger than
that of donor-organic semiconductors. This is a result that

Fig. 9. Current as a function of bias for various spring constant
Ks at V = 0.2 and electron-phonon coupling constant α = 4.
The left and right figures correspond to the acceptor-OSC and
the donor-OSC at Ep = 0.3 and Ep = −0.3, respectively.

larger number of phonon-dressed carrier correspond to a
stronger electron-phonon interaction.
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