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Charged photoexcitations in thiophene-based molecular semiconductors

L. Rossi*

Istituto Nazionale per la Fisica della Materia, Milano, Italy
and Dipartimento di Fisica ‘‘A. Volta,’’ Universita` di Pavia, Pavia, Italy

G. Lanzani
Istituto Nazionale per la Fisica della Materia, Milano, Italy

and Istituto di Matematica e Fisica, Univerista` di Sassari, Sassari, Italy

F. Garnier
Laboratoires des Materiaux Moleculaires (CNRS), Thiais, France

~Received 14 November 1997!

We applied the steady-state photomodulation spectroscopy to vacuum-deposited films of thiophene oligo-
mers with controlled mesoscopic organization in order to understand the relation between structural order and
charge photogeneration. We studieda,v-dihexylsexithiophene films, which are highly ordered, and
b,b8-dihexylsexithiophene films, which are amorphous. We observed pairlike excitations in the former~bipo-
larons andp-dimers!, triplets and polarons in the latter. To explain the results we propose a topological
dependent charge separation model in which both dimensionality and carrier mobility play a role.
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p-conjugated molecular semiconductors are very inter
ing materials that exhibit a wealth of quantum phenome
In particular, thiophene oligomers (Tn) have attracted much
attention because they are well-defined chemical systems
their conjugation length can be exactly controlled. Moreov
they can be easily functionalized, with different penda
groups to obtain soluble materials and have been use
active layers in FET~Ref. 1! and in LED.2 While the photo-
physics of oligothiophenes in solution is well understood3,4

little is known regarding the electronic properties in the so
state. This is a serious obstacle to the improvement of
ganic thin-film devices based on these materials.

The properties of thin films are related both to the che
cal structure of the single molecule, which forms the syste
and to the way these molecules interact between each o
This opens attractive perspectives for controlling the mate
properties by molecular engineering. One way to control
structural organization of films is based on self-recognit
created by a proper chemical modification of the molecu
unit. In the case of sexithiophene (T6), this approach has
been used to produce materials that form films with differ
structural characteristics.

We have studied two dihexyl substituted sexithiophen
namely, a,v-dihexylsexithiophene (a,vDHT6), which
forms highly ordered films, and nonregioregular substitu
b,b8-dihexylsexithiophene (bDHT6), which forms amor-
phous films.5 X-ray measurements by theu-2u diffraction
technique were carried out on thicka,vDHT6 films grown
under exactly the same conditions used to produce
samples, and were reported in Ref. 5.a,vDHT6 films show
that an important degree of crystallinity has been obtaine
confirmed by the numerous high-order 00l ~with evenl! re-
flections, up to the 34th order.5 The data are consistent wit
a monoclinic arrangement comparable to the one attribu
to unsubstitutedT6 , with b angle value of 11 1.3° and unit
PRB 580163-1829/98/58~11!/6684~4!/$15.00
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cell parametersa55.88 Å, b57.88 Å, and c571.2 Å.
a,vDHT6 molecules are closely packed in the herringbo
geometry, with an average intermolecular distance of 5
From the sharply resolved diffraction peaks the monola
thickness could be estimated to be 35.5 Å. The differ
mechanical properties of the core conjugated system an
external pendants lead to segregation of the alkyl subun
which form a buffer in betweenT6 layers, giving the char-
acteristic two-dimensional~2D! topology. The structural or-
ganization of the films, obtained by x-ray pole figure chara
terization, shows that only one spatial orientation is obtain
microcrystals stand on the substrate with their long axis p
pendicular to the substrate plane.

The effect of substitution at theb position is to increase
the intermolecular distances in one direction within the lay
leaving the possibility of a one-dimensional stacking. In o
case, however, no clear structural organization could be
duced from x-ray analysis as a consequence of the nonre
regular substitution.

Both optical5 and transport properties6 are affected by the
molecular organization. The absorption spectrum ofbDHT6
films shows a molecularlike Franck-Condon vibrational p
gression, with the 0-0 transition at 2.4 eV. By contrast t
absorption spectrum ofa,vDHT6 films shows a sharp and
structureless peak at 3.6 eV which have been assigned
molecular exciton. We note that the unsubstitutedT6 shows
an absorption spectrum that is the combination of these
and it is understood as intermediate case. Conductivity
field effect mobility of a,vDHT6 are enhanced by almos
two orders of magnitude with respect toT6 and a substantia
anisotropy is observed in favor of the in-plane direction b
cause of the 2D topology. InbDHT6 a strong decrease o
conductivity is observed, confirming that there is a very lit
intermolecular coupling. The photoluminescence~PL! quan-
tum efficiency remain high inbDHT6 films, whereas it is
6684 © 1998 The American Physical Society
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strongly reduced ina,vDHT6 films. All of these observa-
tions show thata,vDHT6 andbDHT6 are paradigmatic ex
perimental systems:a,vDHT6 is a prototype 2D molecula
semiconductor with large exciton bandwidth whilebDHT6
is a prototype of amorphous molecular materials.

The aim of this report is to investigate the effect of stru
tural parameters, e.g., order, dimensionality, and interm
lecular coupling, on charge photogeneration by applying
steady state photomodulation~PM! spectroscopy tobDHT6
anda,vDHT6 films. Our results, compared to those ofT6 ,
show that charge photogeneration is enhanced in the ord
structure and that the double charged excitations are fav
by the 2D topology and the high mobility.

The thiophene oligomers were synthesized according
previously described procedure.6 Thin films were prepared
by evaporation under reduced pressure of the powdered c
pound on glass substrates from highly purified materials
contained, after several sublimation cycles, a concentra
of impurities,1016 cm23. PM spectra were recorded usin
a homemade apparatus described in details elsewhere.7 Reso-
nant photoexcitation~pump! was obtained from an Ar1 laser
at 363 and 488 nm fora,vDHT6 andbDHT6 films, respec-
tively. Mechanical modulation frequency of the pump bea
( f ch) was changed from 10 to 3 kHz and the sample te
perature from 20 to 300 K. Photoinduced absorption~PA!
spectra are obtained as normalized change in transmis
i.e., DT/T, whereDT and T are measured separately usi
the standard phase-sensitive lock-in technique. In spe
regions where photoinduced absorption and PL overlap,
PL spectrum is measured separately, blocking the probe,
a simple numerical subtraction of obtained data yields t
DT changes.

The PA spectrum ofa,vDHT6 films measured at 77 K
with a modulation frequency of 20 Hz and shown in Fig.
consists of a sharp band,pD1 at 0.7 eV, two broad PA
bands at 0.95 eV~BP1! and at 1.1 eV~BP2! ~where BP is
bipolaron! and a strong oscillating pattern between 2 and
eV. The PA spectrum forbDHT6 films, also shown in Fig. 1,
is completely different: there is a prominent PA band pea
at 1.58 eV, which survives at room temperature; moreov
there is a shoulder apparently peaking at 1.4 eV and a w
PA band peaked at;0.8 eV ~the laser intensity was kep
very low to reduce the spurious PL contribution!. None of
these structures survive in the out-of-phase measurem

FIG. 1. PA spectra ofa,vDHT6 (lexc5363 nm, laser intensity
5650 mW/cm2! and bDHT6 (lexc5488 nm, laser intensity580
mW/cm2! measured atT577 K and with f ch520 Hz.
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indicating a rather short lifetime of the photoexcited speci
Upon further cooling thea,vDHT6 film down to 20 K, the
pD1 intensity increases by a factor of 2, and a shoulde
1.3 eV and a small hump around 1.4 eV become appa
~Fig. 2!. The full width at half maximum ofpD1 is about 50
meV, the smallest value ever observed inp-conjugated lin-
ear systems. The inset of Fig. 2 shows the behavior ofpD1
and BP1 versus temperature, pointing to a larger activa
energy forpD1. Raising the modulation frequency to 1 kH
at 77 K, thepD1 intensity is reduced by one order of ma
nitude, while BP1 and BP2 become one-third of the value
20 Hz and dominate the spectrum~Fig. 3!. The inset in Fig.
3 reports the frequency-dependent measurements for ch
teristic probe energies, providing information on the lifetim
of the photoexcitations. It is clear thatpD1 never reaches a
plateau in the measured frequency range, and thus has a
time longer than 0.1 s, whereas BP1 is frequency indep
dent below 0.8 kHz, suggesting a lifetime of about 1 m8

Figure 4 shows PA versus excitation intensity at 0.7 and 1
eV in the range 40 mW/cm2–1 W/cm2. The observed depen

FIG. 2. PA spectrum ofa,vDHT6 at T520 K (lexc5363 nm,
laser intensity5650 mW/cm2, f ch520 Hz!. Inset: temperature de
pendence of the PA signal measuared at 0.75 eV~pD1! and at 0.95
eV ~BP1!.

FIG. 3. PA spectrum ofa,vDHT6 measured withf ch51 kHz
(T577 K, lexc5363 nm, laser intensity5650 mW/cm2!. Inset: fre-
quency dependence of the PA signal measured at 0.75 eV~pD10
and at 0.95 eV~BP1!.
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dence is, in principle, related to the kinetics of formation a
recombination of the photoexcited species. Since long-li
excited states are stabilized by trapping to defects, e
when intrinsic in origin, saturation of PA has to be taken in
account. ForpD1, we consider that the sublinear behav
for excitation power above 120 mW/cm2 is due to this latter
effect, while the superlinear (I 1,2) dependence observed fo
lower excitation reflects the true dynamics. On the contr
both BP1 and BP2 show a sublinear dependence in the w
measured range, close to the square root (I 0.55), which prob-
ably describes the real population kinetics.

In order to discuss our results it is useful to briefly su
marize which kind of photoexcitations can be generated
T6 polycrystalline films and which are their spectroscop
features. Single~polaron or radical cation! and double~bipo-
laron or radical dication! charged excited states show subg
transition energies, at 0.75 eV (P1) and 1.58 eV~P2! for
polarons and 1.05 eV~BP! for bipolarons respectively.9 The
PA bands display vibronic replicas of the main backbo

modes~about 1200 cm21) indicating the tightly bound in
tramolecular character of the states. The two species are
ally observed simultaneously in the photoexcited films10

Furthermore, another excitation can occur, name
p-dimers.11 These are diamagnetic excitations consisting
like-charged interacting ions located on neighboring sites
p-dimers the optical transitions of the composing polaro
(P1 andP2) are shifted to higher energies~pD2 andpD3!,
while a new prominent absorption band~pD1!, namely, the
charge-transfer transition, appears at lower energy12 ~see the
energetic level scheme shown in Fig. 5!. Finally triplet-

FIG. 4. Laser intensity dependence of the PA signal measure
0.75 eV ~pD1! and at 1.15 eV~BP2! (T577 K, lexc5488 nm,
f ch5230 Hz).

FIG. 5. Energetic level scheme of molecular, radical catio
andp-dimer states.
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triplet PA transitions have also been identified inT6 films at
very low temperature,4 associated with a subgap PA band
about 1.5 eV.

The first remark relevant to our discussion is that t
chemical substitution to theT6 molecule does not affect di
rectly the mainp-electron system. This is demonstrated
the fact that differently substituted molecules dissolved
solution display the same behavior except for the effect
conjugation length, which is, however, controlled by the m
lecular conformation.13 Due to the steric hinderance of th
substituents a deviation from planarity may take place,
ducing thep-electron delocalization. It is this conforma
tional effect that modulates the optical gap and affects
relaxation process. Generally speaking, however, b
a,vDHT6 and bDHT6 in solution have similar properties
they act as strong chromophores, they show a rather large
quantum yield and the main excited state deactivation ch
nel is intersystem crossing to the triplet manifold.5 Based on
these observation we conclude that the striking differe
between PA spectra ofa,vDHT6 and bDHT6 have to be
ascribed to solid-state effects.

First we will discussbDHT6. The PA spectrum is similar
to that observed for unsubstitutedTn is solution. The main
PA band at 1.58 eV can be assigned to triplet-trip
transitions.4 The only signature of solid-state effects are t
weak PA bands at 0.8 and 1.43 eV, which correlate withP1
andP2 of T6 , and could be assigned to polarons. The co
istence of charged and neutral species and the high inten
of the triplet-triplet transition peak is a common feature
quasi-isolated molecules in the solid state and have been
detected in polydiacetilene samples.14 So PA spectra confirm
thatbDHT6 films are basically made of noninteracting unit
In this case the initial excited state is a completely lo
excitation ~on one molecule! and the probability of charge
separation is reduced.

In the case ofa,vDHT6 the photoexcitations scenario
somewhat more involved. The PA transitions at 0.95 and
eV can be attributed to bipolarons, the latter being a vibro
replica of the former, but we have not detected any featu
that could be unambiguously related to the presence of
larons. As a matter of fact, the very sharp PA band at 0.7
does not correspond to a similar feature at 1.5 eV and can
be associated withP1. One possibility is that this band is du
to the charge resonance transition in photoinducedp-dimers
with a very large hybridization energy. The formation
p-dimers requires a strongp overlap and then a good inter
molecular order in which the molecules may face each oth
Two more PA transitions are expected forp-dimers: pD2
andpD3. With reference to the energy level scheme in F
5 we can estimate\vpD150.7 eV, 1 eV<\vpD2<1.4 eV
and \vpD3<2.3 eV. So pD2 can be identified with the
shoulder at 1.3 eV evident at lowT, when pD1 actually
dominates the PA spectrum.pD2 overlaps with the transition
at 1.1 eV, causing a different behavior of the two bands~BP1
and BP2! that we attribute to bipolarons. In the high-ener
region things are more involved, due to the rather stro
oscillating pattern probably superimposed onpD3. The os-
cillations intensity dependence on the chopper frequencyf ch
can be fitted using the decay law, 1/f ch, while the depen-
dence on the pump intensity is linear and does not show
saturation effect, which is consistent with an assignmen
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thermal modulation of the optical gap. Then a clue ofpD3
presence comes from the comparison of the PA spectra a
and 20 K. At low temperature the PA intensity is almo
doubled in the whole spectral region, except above 2
where it is reduced. This maybe due to the competition w
pD3, because, in principle, thermal effects should not
crease with temperature. Based on the previous discus
we propose to interpret the PA spectrum ofa,vDHT6 in
terms ofpaired excitations: bipolarons andp-dimers.

Our results can be further analyzed within a topologi
dependent charge separation and recombination mode
which both dimensionality and mobility play a role. It ha
been proposed that charge photogeneration in thiophene
curs via an intermediate charge-transfer~CT! state which is
formed at early times.15 The CT excitons get then ionized a
defects or impurities~e.g., oxygen! injecting a positive
charge carrier.16 In a,vDHT6 the generated radicals prop
gate in the 2D layer. The two main decay channels for
highly mobile radical cations should be~1! collision with
another cation forming a doubly charged state~either bipo-
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larons orp-dimers!, or ~2! backtransfer at a negative impu
rity and then recombination to the ground state. In the p
2D case the lack of interlayer coupling hampers the gene
tion of single charge species. InT6 disorder induced trapping
and non-negligible interlayer coupling allow us to generat
long-lived polarons that can escape geminate recombinat
In competition with this mechanism collisions of likel
charged radicals lead to the formation of bipolarons. Fina
in the case ofbDHT6 the initial radicals can only diffuse
along the one-dimensional stack and then they cannot es
geminate recombination. Weak intermolecular hoppi
across the side chain or to the adjacent layer is respons
for the small fraction of photoinduced polarons. The fate
most of the excitations is that of localized molecular stat
decay by radiative recombination or intersystem crossing
the triplet.

The reported data show that the photogeneration
charged states in substituted thiphene oligomers is relate
the degree of order of the sample, more than to the type
the side group.
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