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in organic molecular semiconductors

J. C. Sancho-Garcia
Laboratory for Chemistry of Novel Materials, Center for Research in Molecular Electronics and Photonics,
University of Mons-Hainaut, Place du Parc 20, B-7000 Mons, Belgium

G. Horowitz
ITODYS, CNRS, University Denis-Diderot (Paris 7), 1, Rue Guy-de-la-Brosse, F-75005 Paris, France

J. L. Brédas?

Department of Chemistry, The University of Arizona, Tucson, Arizona 85721-0041 and Laboratory
for Chemistry of Novel Materials, Center for Research in Molecular Electronics and Photonics,
University of Mons-Hainaut, Place du Parc 20, B-7000 Mons, Belgium

J. Cornil

Laboratory for Chemistry of Novel Materials, Center for Research in Molecular Electronics and Photonics,
University of Mons-Hainaut, Place du Parc 20, B-7000 Mons, Belgium and Department of Chemistry,

The University of Arizona, Tucson, Arizona 85721-0041

(Received 19 May 2003; accepted 23 September 003

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 8010 V/icm 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 paramete2030©
American Institute of Physics[DOI: 10.1063/1.162591]8

I. INTRODUCTION described above, the highest mobilities are generally ob-

) ) ) ) tained when the molecules orient perpendicularly to the
Field-effect transistors based on organic Sem'Conducmrﬁsulator—semiconductor interface

(OFETY are currently f”‘t_”aC“”Q tremendous inteteSsince Two issues should be highlighted. First, the depth of the

éonducting channel is very limited. This can be estimated by
“esolving Poisson’s equation at the insulator—semiconductor
interface; it leads to an effective thickness of typically one or

achieved with conjugated oligomers, in particular oligoth- Wc;em;:f]glilsgr@(ecrsérg‘ct(;?n;e:;';nzl tsrzrrgcg?td'?t?;ss,eihz d
iophenes and oligoacenes. These compounds have the samé ! ! g portis p v

crystalline structures, made of stacked layers wherein mol®V€" such a narrow chan_nel, so that only minor corrections
ecules pack in a herringbone fashion with their long aXe§1ave to be brought to the isotropic charge transport model. In

parallel to one another. Such a lamellar structure gives rise t52Ntrast, since a conducting channel made of molecules lying

highly anisotropic charge transport at room temperaturePerpendiCUlar to the substrate is highly anisotropic, a theo-

charge mobility is much higher within the layers than acrosdeétical description of the_ charge dist_ribution _in the char_mel
them. This feature confers to these materials a twofannot be performed using an effective medium approxima-
dimensional character with regard to transport. tion, where the semiconductor film is treated as an uniform

A field-effect transistor, see Fig. 1, consists of a semi-material. More reliable approaches require the combination
conducting thin film contacted by two parallel planar elec-0f conventional electrostatics and quantum mechanics to de-
trodes, the source and the drain. A third electrode, the gatécribe the charge distribution within the molecule. The sec-
separated from the semiconductor film by an insulating layerpnd important issue is related to the geometry of the device.
induces a conducting channel within the semiconductor, th&ince the distance between source and drain is much larger
channel conductivity being modulated by the gate voltage. Irthan the thickness of the insulator, the electric field felt by
this structure, current from source to drain flows parallel tothe molecules is dominated by that developed by the gate
the film; due to the two-dimensional character of transportoltage, which is transverse to the conducting channel, over

that generated by the drain voltage, parallel to the channel.

INew permanent address: School of Chemistry and Biochemistry, Georgi'ab‘S a Consequence’ the ch_arge carriers _are_ SUb_mitte_d .tO a
Institute of Technology, Atlanta, Georgia 30332-0400. strong electric field perpendicular to the drift direction within

where low cost is of primary importance. Materials used in
OFETs can be divided into two classes: polymers and sma
oligomers. Up to now, the best performances have bee

0021-9606/2003/119(23)/12563/6/$20.00 12563 © 2003 American Institute of Physics
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FIG. 1. Architecture of a typical organic field-effect transistor.
A2 | 2 (F=0)

the channel and parallel to the oligomer long axes.
The main goal of this contribution is to investigate the FIG. 3. lllustration of the potential energy curves of an organic semicon-

: tor in it d statéGS) and singly charged state-1); th i
way key parameters controlling transport at the moleculafuco" I its ground statéGS) and singly charged statet 1); the reorgani
zation energy components are indicated in the presengeaQd \}) or

level are affected upon application of gate voltage. We foCUgpsence ), and,) of the static electric field Rsee text for detail The

here on the pentacene and sexithienyl oligonise® chemi-  thick horizon bars represent the distorted geometries in the presence of the
cal structures in Fig. )2and describe their hole transport electric field.

properties(we note that the intrinsic electron transport char-

acteristics are often difficult to measure in conjugated mate-

rials due to extrinsic effects, such as oxygen traphing The reorganization energy includes two contributions as-
This paper is organlzed as follows: Se_c. Il describes th%ociated to the charge hoppifypne arises from the geo-
nature of the two main parameters controlling transport at thg, o ic changes within the molecul@aternal part);) while
molecu_lar scale in organic thin films. Section llI presgnts thef[he other relates to the polarization changes of the surround-
theoretical approach we use to compute them. We disCUSS | medium(external parth ). The changes in geometry and
Sec. IV the impact of the applied static electric field on thesecharge distribution induced by the application of the gate

two parameters. electric field are expected to modify mainly the transfer in-
tegral and the internal part of the reorganization energy, on

1. CHARGE TRANSPORT PARAMETERS which we fO(-:US below. Note that, in-addition.)tg, we also
neglect at this stage the source—drain potential that forces the

In the thin films used in OFET devices, it is expectedcharges to drift along the channel by creating an electric field

that charge transport takes place in the hopping regime: lgparallel to the hopping directiothis would require the in-

calized charge carriers jump from one chain to the next, théroduction of a free energy term in the transfer tat8.

latter being initially in the neutral state and the former inthe  The internal reorganization energy can be split into

ionized state. From a chemical standpoint, this can be dawo (nearly equivalentcontributions\; and\,, which can

scribed as a self-exchange electron-transfer reaction: be estimated from a set of four energy values, as sketched in
KET Fig. 31
M;+M; —M; +M 1
12 1 2 @) N =Emzim, ~Ewmj (3
and the corresponding charge-transfer rate can be estimated
to first approximatiof from semiclassical Marcus thedty N2=Ewm, iy~ Ewm,- 4
as

In these equationsEMl and EM2+ are the energies of the

kET=47T2 1 {2 NAkgT @) neutral molecule and radical-cation in their equilibrium
h Jam\kgT ' structure, respectively, whiIE,\,,2+,,,\,Il is the energy of the

whereX is the reorganization energy ands the electronic radical-cation frozen in the neutral geometry,. el 'S_
coupling between adjacent chaifisterchain transfer inte- the energy of the neutral molecule adopting the radical-

gral); T denotes the temperature, amdndkg are fundamen- ~ cation geometry. The internal reorganization energy reflects
tal constants. the price to be paid to accommodate the geometric distor-

tions accompanying charge hopping. It is clear that materials
displaying small reorganization energies are highly
— \ \ desirablé®~'°to promote good transport properties. On the
\( ?HQ\QQ@/Q O@O@@ other hand, the transfer integralseflect the strength of the
electronic interactions between adjacent chains and should
FIG. 2. Chemical structure of sexithienleft) and pentacen&ight). be maximized to ensure high charge mobilities.
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I1l. COMPUTATIONAL APPROACH TABLE |. Evolution of the internal reorganization energy, (meV), as a
function of the amplitude of the electric fielth V/cm), as calculated at the
. . . AM1 level.
Our goal is to examine the evolution af andt as a eve
function of an external electric field applied along the long Pentacene Sexithieny!
axes of pentacene and sexithienyl chains. This electriC 0 233 510
field is meant to simulate that due to gate voltage. We have 10° 233 510
varied the amplitude of the applied electric field between 5.10 233 510
16°-10° V/em 10 233 510
' o - 5.10 227 507
To a good approximation, the electric fiek at the 10P 215 494

semiconductor—insulator interface is given &f = ;F; .2°
Here,F; is the(uniform) electric field in the insulatores and

€; are the permittivities of the semiconductor and insulator
respectively. The equation can also be written RBs
=F;(k; /ks), whereks andk; are the dielectric constants. The The evolution of the AM1-calculated reorganization en-
dielectric constant of most organic semiconductors range€rgy as a function of the applied electric field is reported in
between 2 and 4. Thus, the upper electric field at thefable | for pentacene and sexithieng. priori, the charge
semiconductor—interface is limited to the breakdown fieldconfinement induced by the electric field is expected to im-
(also called dielectric strengtlof the insulator. Typical val- Pact significantly the value of the internal reorganization en-
ues for the latter do not exceed “Mycm.2! However, the €9Y: especially in the high-field regime. Actually, theval-
upper value ofF can be raised by at least one order ofues are found to be hardly affected; they change by less than

magnitude by using highk insulators, such as titanates, 1 meV in the 16 10? viem f.'eld range and dgcrease by only
) . . a few meV for the highest fields considered in our work. The
which can have dielectric constants above 100.

o . . : , origin of such a negligible influence will be discussed below.
The reorganization energies, with and without field, have We display in Fig. 4 the evolution of the AM1-calculated

been calculated with the semiempirical_ Hartree—FocI_< Austirhet charge per ring as a function of the amplitude of the
Model 1 (AM1) (Ref. 22 method, as implemented in the e electric field for singly-charged pentacene and
MOPAC (Ref. 23 package; AM1 has been parameterized t0ggyithienyl molecules. No significant charge displacement is
reproduce the ground-state geometry of organic moleculegpserved until a field of ov/cm is applied; at this stage, a
and it is our experience that it also provides accurate cationi@harge transfer is observed between the two halves of the
geometries inm-conjugated molecules. In all cases, the ge-molecules and leads to the migration of positive charges to-
ometries of the neutral and singly charged systétreated  wards the extremity of the molecule close to the negative
within the restricted open-shelROHF formalism] have pole of the field. According to the AM1 calculations, the
been kept coplanar since this is the conformation expected icharge transfer induced by the field is larger in sexithienyl
the solid state. At this stage, it is useful to note the following:than in pentacene (0.36| flowing from one half of the mol-
(i) we have chosen not to use a DFT-bagddnsity func- ecule to the other half, vs 0.18, respectively, at a field of
tional theory approach due to the known limitations of DFT 10% V/cm). This feature can be attributed to the higher polar-
calculations dealing with charge delocalization in chargedzability of sexithienyl compared to pentacene; AM1 calcu-
conjugated systenfé26 and (ii) we are interested in the lations give static longitudinal polarizability components of
qualitative evolution of\; as a function of applied external 126.1 and 77.8 10" **esu, respectively. A small charge mi-
field rather than its absolute value. gration is also induced in the neutral state upon application
The transfer integralshave been estimated on the basis®f intense electric fields, see Fig. 4.
of the semiempirical Hartree—Fock intermediate neglect of ~>iNce the introduction of charges leads to geometry re-
differential overlap(INDO) method?’ as implemented in @xations along the conjugated backbdase a result of the
ZINDO. This technique has been used successfully over thgtrong elect_ro%-wbranon coupling characteristic of conju-
past few years to determine the electronic properties of cong-latGd ”.‘ate”a ), we have analyzed the way the ggometry
: . ) N of the singly charged molecules is altered under the influence
jugated systems and the impact of interchain interactidfs.

In orevious studie®® we have evaluated the transfer inte- of the electric field. To do so, we consider as the most rel-
b ' o evant parameter the field evolution of the degree of bond-
grals for holes as half the splitting of the HOMO energy

i . ; , <Y length alternatioBLA) along the backbone; it is defined at
level when going from an isolated chain to an interactindgiia i as the difference between the lengths of thg€1)
dimer made of two molecules in their ground-state geometry, 4 (,i—1) C—C bonds. The BLA pattern in the neutral

However, such an approach cannot account for the geometrigantacene molecule is on the order of 0.075 A at the ends
deformations induced by the application of the electric field.ang keeps decreasing towards the middle of the molecule
Therefore, here, we have computed the transfer integrals aghere it vanishes, see Fig. 5. Going to the singly-charged
half the splitting of the HOMO levels at the transition state state leads to a marked equalization of the C—C bond lengths
for hole-transfer reaction; the geometry of this transitionover the whole molecule. The BLA pattern of the charged
state is built by imposing to each chain bond lengths that argtate is hardly affected upon application of a field of
the average between the AM1 values calculated for the newt0’ V/icm, which is consistent with the absence of any sig-
tral and singly-charged states. nificant charge transfer. In contrast, a nonsymmetrical C-C

V. RESULTS AND DISCUSSION
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E—8+1 (10" Viem) FIG. 5. Evolution, with site positiom, of the C—C bond-length alternation
0.4 g:f;ff(g‘o?\xg;) (BLA, in A) in pentacene, as calculated at the AM1 le(@te chemical
00 GS (10 Vem) A structure on top for site labgls
@@ +1 (10° Viem) o
T 03}
g the induced dipole moment and a destabilizing effect by dis-
£ o2¢ torting the geometry away from the equilibrium structure of
E the cation. We now discuss the way these two effects impact
g o1l the amplitude of the two reorganization energy components,
5 N, and A,, in order to rationalize the evolution of; as a
Q. . . . . . .
@ function of applied electric field. We restrict the following
- — -] . . . . . .
00 ¢ ¢ - discussion to sexithienyl since the same trends are obtained
for pentacene.
~0.1 s . . - . = Table Il collects the values of the two components, re-

Ring number

ferred to as\n; and \,, obtained upon application of the

FIG. 4. AM1-calculated evolution of the net charge per ring in neutral
[ground state(GS)] and singly-charged(+1 state pentacene(a) and
sexithienyl(b) under the influence of a longitudinal electric field of increas-
ing amplitude. The charges have been obtained by a Mulliken population
analysis.

bond-length alternation pattern appears at a field of
10° V/em; this confirms the strong connections between geo-
metric distortion and charge-transfer upon application of an
external electric field.

Figure 6 displays the electric field evolution of the BLA
pattern calculated along the backbone of the sexithienyl mol-
ecule. When compared to the neutral state in the absence og
an external electric field, the BLA pattern of the singly
charged system shows the appearance of a quinoid characte
in the central rings of the oligomer. At $&/cm, the BLA
pattern in the left-hand side of the radical-cation matches
exactly the one obtained for the neutral molecule; this con-
firms that the positive charge has completely transferred to
the right side of the chain. An intermediate situation is ob-
served when a field of Y0//cm is applied.

The application of an electric field has two opposite ef-

0.10
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FIG. 6. Evolution, with site positiom, of the C—C bond-length alternation

fects on the total energy (_)f the cation: a stabiliz_atio_n ef'feCYBLA, in A) in sexithienyl, as calculated at the AM1 levlee chemical
resulting from the interaction between the electric field andstructure on top for site labgls
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TABLE II. Evolution of the reorganization energy componetitsmeV, see  \/. CONCLUSIONS
text for detail$ in sexithienyf as a function of the amplitude of the electric ) ) ) o
field (V/cm), as calculated at the AM1 level. We have investigated by means of semiempirical calcu-

lations the influence of the electric field generated by the
gate of a transistor on the hole transport properties of semi-

A V- W VA L P

10° 250 248 250 260 262 260 510 conducting organic layers. To do so, we have applied a static
5-195 249 248 249 261 262 261 510 electric field along the long axis of pentacene and sexithienyl
10 249 243 245 259 266 265 510 molecules in order to mimic the operation of organic transis-
510 176 93 204 255 308 303 507 ‘ h lecul tand dicul the insulati

6P 74 49 140 241 375 354 494 ors where molecules stand perpendicular on the insulating

layer. We have characterized the evolution of the internal
°\1 and X, are 250 and 260 meV, respectively, in the absence of electriqeorganization energy and hole transfer integral as a function
field. of the amplitude of the static electric field.
The calculations indicate that the charge distribution and
geometric structure are left nearly unchanged for electric
electric field while keeping the geometries frozen in thefields up to 16 V/cm. Pronounced charge redistributions and
structures optimized without field. These calculations eva|UQeometric distortions are observed at higher fields and lead
ate the impact of the electrostatic stabilization term. The reto a significant modulation of the two components of the
sults indicate a strong reduction of th¢ component, asso- reorganization energy. However, these two components have
ciated with the singly charged state, while thecomponent  opposite evolutions, so that the global reorganization energy
slightly decreases. We also report in Table Il the values of thegemains nearly unaffected by the application of the field. The
two components, referred to a§ and\’, from a new set of  transfer integrals are also calculated to remain nearly con-
single-point calculations performed in the absence of electrigtant with field.
field, at the geometrically distorted structures induced by the  We expect that the same conclusions hold true in other
electric perturbation; the data show thef<\; and N\,  organic semiconductors. Thus, it appears that charge confine-
>\, when the electric field is high enough to distort signifi- ment effects induced by the gate electric field in organic
cantly the geometry in the singly charged state; this evolutransistors are not detrimental to the charge transport proper-
tion can be qualitatively understood from the potentialties in the semiconducting layer.
energy curves drawn in Fig. 3. Combining the two contribu-
tions should thus lead to a progressive decrease, @&nd a
concomitant increase of, with electric field; this is con-
firmed by the values provided by the full calculations. How- The work in Mons has been partly supported by the Bel-
ever, since the trends for; and \, are opposite, the total gian Federal Government “Service des Affaires Scienti-
reorganization energy remains nearly unaffected by the agdiques, Techniques et CulturelléSSTQ” in the framework
plication of a static electric field on sexithienyl or pentaceneof the “Pole d’Attraction Interuniversitaire en Chimie Su-
We now turn to a discussion of the evolution of the pramoleulaire et Catalyse Supramoldaire (PAI 5/3)” and
interchain transfer integrals for holes when applying the exthe Belgian National Fund for Scientific Resear¢iNRS/
ternal electric field. We first consider a cofacial dimer whereFRFQ. The work at Arizona has been partly supported by
two pentacene molecules in their ground-state geometry arhe National Science Foundatid€HE-0078819 and MR-
exactly superimposed on top of one another and separated IBEC under Award No. DMR-0212302nd the IBM Shared
4.0 A; the HOMO splitting calculated at the INDO level is University Research program. J.C. is a FNRS Research As-
0.262 eV. The values obtained for the transition-state geomsociate.
etries(that account for the geometric distortions induced by
the electric field, see Methodology sectjpa_re modifie_d by W, Warta and N. Karl, Phys. Rev. 82, 1172(1985.
only 1-2 meV in the full range of field amplitudes 2 Garnier, Acc. Chem. Re82, 209 (1999.
(10°— 10 V/cm). These results underline the weak sensitiv- 3P. T. Herwig and K. Milen, Adv. Mater.(Weinheim, Gej. 11, 480(1999.
ity of interchain transfer integrals with respect to small geo- :(E3 I*_*Oé?‘é"ri‘tszt'réivér’:’éatgr-g’v‘ﬂﬂzg;g‘vJG‘FfPr-]lg (3:?15:; 21119%%842(1999
metric distortions. This can be explained by the fact that thes | ¢ Katz, Z. Bao, and S. Gilat, Acc. Chﬁrﬁ. R&d, 359 (2001, '
global overlap between the HOMO wave functions of the 71 w. Kelley and C. D. Frisbie, J. Phys. Chem.1B5, 4538(2001).
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level ¥ is largely governed by the overlap of the face-to-face ,J- P- Raff, and L. L Miller, J. Am. Chem. Sod24, 4184(2002.
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; ; R. A. Marcus and N. Sutin, Biochim. Biophys. AcBd1, 265 (1985.
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