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Internal reorganization energies and interchain transfer integrals are two key parameters governing
the charge-transport properties of organic semiconducting materials. Here, in order to model some
aspects of device operation in field-effect transistors based on conjugated oligomers, we investigate
via semiempirical quantum-chemical calculations the way these two parameters are modified when
a static electric field in the range 106– 108 V/cm is applied along the long axis of pentacene and
sexithienyl molecules. For the highest fields, a pronounced redistribution of the charges along the
oligomer chains occurs, which is accompanied by significant geometric distortions. However, these
charge redistribution effects are found not to impact significantly the transport parameters. ©2003
American Institute of Physics.@DOI: 10.1063/1.1625918#
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I. INTRODUCTION

Field-effect transistors based on organic semiconduc
~OFETs! are currently attracting tremendous interest1–9 since
such devices are envisioned in a wide range of applicat
where low cost is of primary importance. Materials used
OFETs can be divided into two classes: polymers and sm
oligomers. Up to now, the best performances have b
achieved with conjugated oligomers, in particular oligo
iophenes and oligoacenes. These compounds have the
crystalline structures, made of stacked layers wherein m
ecules pack in a herringbone fashion with their long a
parallel to one another. Such a lamellar structure gives ris
highly anisotropic charge transport at room temperatu
charge mobility is much higher within the layers than acro
them. This feature confers to these materials a tw
dimensional character with regard to transport.

A field-effect transistor, see Fig. 1, consists of a sem
conducting thin film contacted by two parallel planar ele
trodes, the source and the drain. A third electrode, the g
separated from the semiconductor film by an insulating la
induces a conducting channel within the semiconductor,
channel conductivity being modulated by the gate voltage
this structure, current from source to drain flows parallel
the film; due to the two-dimensional character of transp

a!New permanent address: School of Chemistry and Biochemistry, Geo
Institute of Technology, Atlanta, Georgia 30332-0400.
12560021-9606/2003/119(23)/12563/6/$20.00
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described above, the highest mobilities are generally
tained when the molecules orient perpendicularly to
insulator–semiconductor interface.

Two issues should be highlighted. First, the depth of
conducting channel is very limited. This can be estimated
resolving Poisson’s equation at the insulator–semicondu
interface; it leads to an effective thickness of typically one
two molecular layers. In conventional semiconductors,
three-dimensional character of charge transport is prese
over such a narrow channel, so that only minor correctio
have to be brought to the isotropic charge transport mode
contrast, since a conducting channel made of molecules ly
perpendicular to the substrate is highly anisotropic, a th
retical description of the charge distribution in the chan
cannot be performed using an effective medium approxim
tion, where the semiconductor film is treated as an unifo
material. More reliable approaches require the combina
of conventional electrostatics and quantum mechanics to
scribe the charge distribution within the molecule. The s
ond important issue is related to the geometry of the dev
Since the distance between source and drain is much la
than the thickness of the insulator, the electric field felt
the molecules is dominated by that developed by the g
voltage, which is transverse to the conducting channel, o
that generated by the drain voltage, parallel to the chan
As a consequence, the charge carriers are submitted
strong electric field perpendicular to the drift direction with
ia
3 © 2003 American Institute of Physics
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the channel and parallel to the oligomer long axes.
The main goal of this contribution is to investigate t

way key parameters controlling transport at the molecu
level are affected upon application of gate voltage. We fo
here on the pentacene and sexithienyl oligomers~see chemi-
cal structures in Fig. 2! and describe their hole transpo
properties~we note that the intrinsic electron transport ch
acteristics are often difficult to measure in conjugated ma
rials due to extrinsic effects, such as oxygen trapping4!.

This paper is organized as follows: Sec. II describes
nature of the two main parameters controlling transport at
molecular scale in organic thin films. Section III presents
theoretical approach we use to compute them. We discus
Sec. IV the impact of the applied static electric field on the
two parameters.

II. CHARGE TRANSPORT PARAMETERS

In the thin films used in OFET devices, it is expect
that charge transport takes place in the hopping regime
calized charge carriers jump from one chain to the next,
latter being initially in the neutral state and the former in t
ionized state. From a chemical standpoint, this can be
scribed as a self-exchange electron-transfer reaction:

M11M2
1→

kET

M1
11M2 ~1!

and the corresponding charge-transfer rate can be estim
to first approximation10 from semiclassical Marcus theory11

as

kET5
4p2

h

1

A4plkBT
t2e2l/4kBT, ~2!

wherel is the reorganization energy andt is the electronic
coupling between adjacent chains~interchain transfer inte-
gral!; T denotes the temperature, andh andkB are fundamen-
tal constants.

FIG. 1. Architecture of a typical organic field-effect transistor.

FIG. 2. Chemical structure of sexithienyl~left! and pentacene~right!.
Downloaded 24 Apr 2013 to 130.207.50.154. This article is copyrighted as indicated in the abstract.
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The reorganization energy includes two contributions
sociated to the charge hopping;12 one arises from the geo
metric changes within the molecules~internal part,l i) while
the other relates to the polarization changes of the surrou
ing medium~external part,le). The changes in geometry an
charge distribution induced by the application of the g
electric field are expected to modify mainly the transfer
tegral and the internal part of the reorganization energy,
which we focus below. Note that, in addition tole , we also
neglect at this stage the source–drain potential that forces
charges to drift along the channel by creating an electric fi
parallel to the hopping direction~this would require the in-
troduction of a free energy term in the transfer rate13,14!.

The internal reorganization energyl i can be split into
two ~nearly equivalent! contributions,l1 andl2 , which can
be estimated from a set of four energy values, as sketche
Fig. 3,15

l15EM
2
1//M1

2EM
2
1, ~3!

l25EM1 //M
2
12EM1

. ~4!

In these equations,EM1
and EM

2
1 are the energies of the

neutral molecule and radical-cation in their equilibriu
structure, respectively, whileEM

2
1//M1

is the energy of the

radical-cation frozen in the neutral geometry, andEM1 //M
2
1 is

the energy of the neutral molecule adopting the radic
cation geometry. The internal reorganization energy refle
the price to be paid to accommodate the geometric dis
tions accompanying charge hopping. It is clear that mater
displaying small reorganization energies are high
desirable16–19 to promote good transport properties. On t
other hand, the transfer integralst reflect the strength of the
electronic interactions between adjacent chains and sh
be maximized to ensure high charge mobilities.

FIG. 3. Illustration of the potential energy curves of an organic semic
ductor in its ground state~GS! and singly charged state~11!; the reorgani-
zation energy components are indicated in the presence (l19 and l29) or
absence (l1 and l2) of the static electric field F~see text for detail!. The
thick horizon bars represent the distorted geometries in the presence o
electric field.
 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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III. COMPUTATIONAL APPROACH

Our goal is to examine the evolution ofl i and t as a
function of an external electric field applied along the lo
axes of pentacene and sexithienyl chains. This elec
field is meant to simulate that due to gate voltage. We h
varied the amplitude of the applied electric field betwe
106– 108 V/cm.

To a good approximation, the electric fieldFs at the
semiconductor–insulator interface is given byesFs5e iFi .20

Here,Fi is the~uniform! electric field in the insulator;es and
e i are the permittivities of the semiconductor and insula
respectively. The equation can also be written asFs

5Fi(ki /ks), whereks andki are the dielectric constants. Th
dielectric constant of most organic semiconductors ran
between 2 and 4. Thus, the upper electric field at
semiconductor–interface is limited to the breakdown fi
~also called dielectric strength! of the insulator. Typical val-
ues for the latter do not exceed 107 V/cm.21 However, the
upper value ofFs can be raised by at least one order
magnitude by using highk insulators, such as titanate
which can have dielectric constants above 100.

The reorganization energies, with and without field, ha
been calculated with the semiempirical Hartree–Fock Au
Model 1 ~AM1! ~Ref. 22! method, as implemented in th
MOPAC ~Ref. 23! package; AM1 has been parameterized
reproduce the ground-state geometry of organic molec
and it is our experience that it also provides accurate catio
geometries inp-conjugated molecules. In all cases, the g
ometries of the neutral and singly charged systems@treated
within the restricted open-shell~ROHF! formalism# have
been kept coplanar since this is the conformation expecte
the solid state. At this stage, it is useful to note the followin
~i! we have chosen not to use a DFT-based~density func-
tional theory! approach due to the known limitations of DF
calculations dealing with charge delocalization in charg
conjugated systems;24–26 and ~ii ! we are interested in the
qualitative evolution ofl i as a function of applied externa
field rather than its absolute value.

The transfer integralst have been estimated on the ba
of the semiempirical Hartree–Fock intermediate neglect
differential overlap~INDO! method,27 as implemented in
ZINDO. This technique has been used successfully over
past few years to determine the electronic properties of c
jugated systems and the impact of interchain interactions.28,29

In previous studies,30 we have evaluated the transfer int
grals for holes as half the splitting of the HOMO ener
level when going from an isolated chain to an interact
dimer made of two molecules in their ground-state geome
However, such an approach cannot account for the geom
deformations induced by the application of the electric fie
Therefore, here, we have computed the transfer integral
half the splitting of the HOMO levels at the transition sta
for hole-transfer reaction; the geometry of this transiti
state is built by imposing to each chain bond lengths that
the average between the AM1 values calculated for the n
tral and singly-charged states.
Downloaded 24 Apr 2013 to 130.207.50.154. This article is copyrighted as indicated in the abstract.
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IV. RESULTS AND DISCUSSION

The evolution of the AM1-calculated reorganization e
ergy as a function of the applied electric field is reported
Table I for pentacene and sexithienyl.A priori, the charge
confinement induced by the electric field is expected to
pact significantly the value of the internal reorganization e
ergy, especially in the high-field regime. Actually, thel i val-
ues are found to be hardly affected; they change by less
1 meV in the 106– 107 V/cm field range and decrease by on
a few meV for the highest fields considered in our work. T
origin of such a negligible influence will be discussed belo

We display in Fig. 4 the evolution of the AM1-calculate
net charge per ring as a function of the amplitude of
applied electric field for singly-charged pentacene a
sexithienyl molecules. No significant charge displacemen
observed until a field of 108 V/cm is applied; at this stage,
charge transfer is observed between the two halves of
molecules and leads to the migration of positive charges
wards the extremity of the molecule close to the negat
pole of the field. According to the AM1 calculations, th
charge transfer induced by the field is larger in sexithie
than in pentacene (0.39ueu flowing from one half of the mol-
ecule to the other half, vs 0.13ueu, respectively, at a field of
108 V/cm). This feature can be attributed to the higher pol
izability of sexithienyl compared to pentacene; AM1 calc
lations give static longitudinal polarizability components
126.1 and 77.6310224esu, respectively. A small charge m
gration is also induced in the neutral state upon applica
of intense electric fields, see Fig. 4.

Since the introduction of charges leads to geometry
laxations along the conjugated backbone~as a result of the
strong electron-vibration coupling characteristic of con
gated materials31!, we have analyzed the way the geome
of the singly charged molecules is altered under the influe
of the electric field. To do so, we consider as the most
evant parameter the field evolution of the degree of bo
length alternation~BLA ! along the backbone; it is defined a
site i as the difference between the lengths of the (i ,i 11)
and (i ,i 21) C–C bonds. The BLA pattern in the neutr
pentacene molecule is on the order of 0.075 Å at the e
and keeps decreasing towards the middle of the mole
where it vanishes, see Fig. 5. Going to the singly-charg
state leads to a marked equalization of the C–C bond len
over the whole molecule. The BLA pattern of the charg
state is hardly affected upon application of a field
107 V/cm, which is consistent with the absence of any s
nificant charge transfer. In contrast, a nonsymmetrical C

TABLE I. Evolution of the internal reorganization energy,l i (meV), as a
function of the amplitude of the electric field~in V/cm!, as calculated at the
AM1 level.

Pentacene Sexithienyl

0 233 510
106 233 510

5.106 233 510
107 233 510

5.107 227 507
108 215 494
 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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bond-length alternation pattern appears at a field
108 V/cm; this confirms the strong connections between g
metric distortion and charge-transfer upon application of
external electric field.

Figure 6 displays the electric field evolution of the BL
pattern calculated along the backbone of the sexithienyl m
ecule. When compared to the neutral state in the absenc
an external electric field, the BLA pattern of the sing
charged system shows the appearance of a quinoid char
in the central rings of the oligomer. At 108 V/cm, the BLA
pattern in the left-hand side of the radical-cation matc
exactly the one obtained for the neutral molecule; this c
firms that the positive charge has completely transferred
the right side of the chain. An intermediate situation is o
served when a field of 107 V/cm is applied.

The application of an electric field has two opposite
fects on the total energy of the cation: a stabilization eff
resulting from the interaction between the electric field a

FIG. 4. AM1-calculated evolution of the net charge per ring in neu
@ground state~GS!# and singly-charged~11 state! pentacene~a! and
sexithienyl~b! under the influence of a longitudinal electric field of increa
ing amplitude. The charges have been obtained by a Mulliken popula
analysis.
Downloaded 24 Apr 2013 to 130.207.50.154. This article is copyrighted as indicated in the abstract.
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the induced dipole moment and a destabilizing effect by d
torting the geometry away from the equilibrium structure
the cation. We now discuss the way these two effects imp
the amplitude of the two reorganization energy compone
l1 and l2 , in order to rationalize the evolution ofl i as a
function of applied electric field. We restrict the followin
discussion to sexithienyl since the same trends are obta
for pentacene.

Table II collects the values of the two components,
ferred to asl18 and l28 , obtained upon application of th

l

n

FIG. 5. Evolution, with site positioni, of the C–C bond-length alternation
~BLA, in Å ! in pentacene, as calculated at the AM1 level~see chemical
structure on top for site labels!.

FIG. 6. Evolution, with site positioni, of the C–C bond-length alternation
~BLA, in Å ! in sexithienyl, as calculated at the AM1 level~see chemical
structure on top for site labels!.
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electric field while keeping the geometries frozen in t
structures optimized without field. These calculations eva
ate the impact of the electrostatic stabilization term. The
sults indicate a strong reduction of thel18 component, asso
ciated with the singly charged state, while thel28 component
slightly decreases. We also report in Table II the values of
two components, referred to asl19 andl29 , from a new set of
single-point calculations performed in the absence of elec
field, at the geometrically distorted structures induced by
electric perturbation; the data show thatl19,l1 and l29
.l2 when the electric field is high enough to distort signi
cantly the geometry in the singly charged state; this evo
tion can be qualitatively understood from the potent
energy curves drawn in Fig. 3. Combining the two contrib
tions should thus lead to a progressive decrease ofl1 and a
concomitant increase ofl2 with electric field; this is con-
firmed by the values provided by the full calculations. Ho
ever, since the trends forl1 and l2 are opposite, the tota
reorganization energy remains nearly unaffected by the
plication of a static electric field on sexithienyl or pentace

We now turn to a discussion of the evolution of th
interchain transfer integrals for holes when applying the
ternal electric field. We first consider a cofacial dimer whe
two pentacene molecules in their ground-state geometry
exactly superimposed on top of one another and separate
4.0 Å; the HOMO splitting calculated at the INDO level
0.262 eV. The values obtained for the transition-state ge
etries~that account for the geometric distortions induced
the electric field, see Methodology section!, are modified by
only 1–2 meV in the full range of field amplitude
(106– 108 V/cm). These results underline the weak sensit
ity of interchain transfer integrals with respect to small ge
metric distortions. This can be explained by the fact that
global overlap between the HOMO wave functions of t
two molecules, which determines the splitting of the HOM
level,30 is largely governed by the overlap of the face-to-fa
atoms in the cofacial dimer; it is thus weakly perturbed
small changes in the geometry of the transition state.

Cofacial configurations are, however, seldom enco
tered in actual crystal structures where lateral displacem
of molecules along their long/short axes are frequently
served. In this case as well, insensitivity of the HOMO sp
ting with respect to the applied electric field is also calc
lated when considering the staggered chain pack
characteristic of crystal structures. The same conclusions
ply to the sexithienyl molecule.

TABLE II. Evolution of the reorganization energy components~in meV, see
text for details! in sexithienyla as a function of the amplitude of the electr
field ~V/cm!, as calculated at the AM1 level.

l18 l19 l1 l28 l29 l2 l i5l11l2

106 250 248 250 260 262 260 510
5.106 249 248 249 261 262 261 510
107 249 243 245 259 266 265 510

5.107 176 93 204 255 308 303 507
108 74 49 140 241 375 354 494

al1 and l2 are 250 and 260 meV, respectively, in the absence of elec
field.
Downloaded 24 Apr 2013 to 130.207.50.154. This article is copyrighted as indicated in the abstract.
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V. CONCLUSIONS

We have investigated by means of semiempirical cal
lations the influence of the electric field generated by
gate of a transistor on the hole transport properties of se
conducting organic layers. To do so, we have applied a st
electric field along the long axis of pentacene and sexithie
molecules in order to mimic the operation of organic trans
tors where molecules stand perpendicular on the insula
layer. We have characterized the evolution of the inter
reorganization energy and hole transfer integral as a func
of the amplitude of the static electric field.

The calculations indicate that the charge distribution a
geometric structure are left nearly unchanged for elec
fields up to 107 V/cm. Pronounced charge redistributions a
geometric distortions are observed at higher fields and l
to a significant modulation of the two components of t
reorganization energy. However, these two components h
opposite evolutions, so that the global reorganization ene
remains nearly unaffected by the application of the field. T
transfer integrals are also calculated to remain nearly c
stant with field.

We expect that the same conclusions hold true in ot
organic semiconductors. Thus, it appears that charge con
ment effects induced by the gate electric field in orga
transistors are not detrimental to the charge transport pro
ties in the semiconducting layer.
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