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We report pure electric-field effects on the excitonic absorbance of pentacene thin films as measured by
unipolar field-effect devices that allowed us to separate the charge accumulation effects. The field-modulated
spectra between 1.8 and 2.6 eV can be well fitted with the first derivative curve of Frenkel exciton absorption
and its vibronic progression, and at higher energy a field-induced feature appears at around 2.95 eV. The results
are in sharp contrast to the electroabsorption spectra reported by Sebastian et al. in previous studies �Chem.
Phys. 61, 125 �1981��, and leads us to reconsider the excitonic structure including the location of charge-
transfer excitons. Nonlinear �-electronic response is discussed based on second-order electro-optic �Kerr�
spectra.
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Electromodulation spectroscopy is a well-established
technique for detecting slight changes in the optical-
absorption spectrum of materials in an electric field.1 The
method is useful for unraveling the electronic states of semi-
conductors through the modulation of interband electronic
excitation: as an example, oscillatory �Franz-Keldysh� fea-
tures are observed in inorganic semiconductors such as Si or
GaAs and are ascribed to band-edge optical absorption.1,2 In
the case of small-molecule organic semiconductors, several
studies have been reported so far such as for acenes,3

phthalocyanine,4 and C60,
5 where the simple Stark shift of

Frenkel exciton absorption demonstrates the strong excitonic
effects in this class of materials.6 Additionally, hidden or
forbidden optical transitions can be retrieved through sym-
metry breaking of the system in an electric field.7 Further-
more, it has been suggested that some spectral features ap-
pearing at higher energy should be ascribed to charge-
transfer �CT� excitons in cases where the features do not
simply follow the first derivative curve of the absorbance
spectrum.3,8 In these earlier studies, however, less attention
was paid to some crucial issues, particularly carrier injection
into the semiconductor from the electrodes as well as the
quality of the semiconductor films. For example, the electro-
absorption �EA� spectra of pentacene were measured on
amorphouslike thin films with directly attached electrodes in
surface cell geometry.3,9 These issues are now more clearly
understood due to the recent rapid progress in small-
molecule organic thin-film transistors �OTFTs�.10

Here, we report pure electric-field effects on the excitonic
absorbance spectrum of undoped pentacene thin films by us-
ing field-effect device structures, in order to reinvestigate the
excitonic structure of pentacene. We found that the use of
unipolar device structures allowed us to separate and elimi-
nate the effects of charge accumulation. The results show
that the field-modulated spectra can be fitted fairly well to
the first derivative curve of the Frenkel exciton absorption
over the entire range between 1.8 and 2.6 eV, in sharp con-
trast to previous studies. Although pentacene can exhibit a
rather high charge-carrier mobility and nearly bandlike con-

duction, we show that the optical-absorption spectrum is
dominated by the lowest Frenkel, thus localized, excitonic
absorption. We also discuss the fundamental electro-optic ef-
fects in terms of the Stark shift of the Frenkel exciton ab-
sorption and the nonlinear electric susceptibility.

In the experiment, we used semitransparent field-effect
devices �p-type pentacene TFTs�, schematically depicted in
Fig. 1�a�. The devices are composed of fused silica or CaF2
as the substrate, Au �4.5 nm�/Ti �1 nm� as the gate electrode,
parylene-C �100–200 nm� as the gate dielectric layer, a semi-
conducting pentacene layer �50–60 nm� and semitransparent
Au �7–8 nm� as source/drain electrodes. The thickness of the
parylene layer was kept below 200 nm in order to prevent the
dominant occurrence of Fabry-Perot interference; the effect
has been found to produce large modulation signals.11 The
pentacene layer was evaporated at a rate of 0.25–0.5 Å /s
and a pressure of 1�10−6 mbar to obtain polycrystalline
thin films composed of dendritic grains about 200–600 nm in
size.12 All device fabrication and measurement processes af-
ter parylene deposition were carried out without exposure to
air by using a glove box and a continuous-flow cryostat �Ox-
ford Microstat�. For the optical measurements, we used a
Cassegrain-type microscope system combined with a grating
monochromator. The monochromatized light was focused
onto one of the semitransparent top electrodes and the trans-

(a
rb

.
un

its
)

Au Pentacene

Parylene C

h�
(a) (b)

H
LUMO

HOMO

2 3

Ab
so
rb
an
ce

Photon Energy (eV)

Parylene C

Au/Ti

CaF2

FIG. 1. �Color online� �a� Schematic of the semitransparent pen-
tacene TFT device for optical measurements in transmittance. �b�
Absorbance of a pentacene film on fused silica, with a schematic of
the HOMO-LUMO optical excitation.

PHYSICAL REVIEW B 82, 161301�R� �2010�

RAPID COMMUNICATIONS

1098-0121/2010/82�16�/161301�4� ©2010 The American Physical Society161301-1

http://dx.doi.org/10.1016/0301-0104(81)85055-0
http://dx.doi.org/10.1016/0301-0104(81)85055-0
http://dx.doi.org/10.1103/PhysRevB.82.161301


mitted light was detected by a Si photodiode �UV/VIS� or an
InAs detector �NIR�. Square-wave gate bias pulses between
0 and VG were applied at frequencies of 0.1–1.0 kHz,13 and
the modulated transmittance signal ��T� was detected by
lock-in technique to obtain the modulated absorption spectra
��d=−�T /T �� is the absorption coefficient, d the film
thickness, and T the transmittance signal�.

Figure 2�b� presents the modulated spectra under negative
and positive gate biases. It is clear that the spectra are much
different from each other, due to the unipolar nature of the
pentacene OTFTs. From a comparison with the transfer
curve �Fig. 2�a��, it is evident that the charge density is
modulated by applying a negative gate bias whereas field
modulation is achieved by applying a positive gate bias. It is
also found that the field-modulated features of the whole
spectrum are very similar for various electric-field strengths,
as presented in Fig. 3. The amplitude of the field-induced
change in the absorption �� is proportional to the square of
the positive gate bias, as shown in the inset of Fig. 3 while
that for the charge modulation is proportional to the negative
gate bias. It is concluded that the use of TFT devices allowed
us to obtain pure electric-field modulation, by eliminating the
hole injection. We note here that such discrimination of
charge and field effects has been discussed for metal-

insulator-semiconductor �MIS� devices based on unintention-
ally doped poly- and oligothiophenes,14,15 where the full
depletion mode should correspond to the field modulation of
nominally intrinsic semiconductors in the present study.

The obtained �� spectrum by field modulation closely
resembles the first derivative of the absorbance, as presented
in Fig. 2�b�. This indicates that the excitonic absorption ex-
periences a homogeneous quadratic Stark effect with an en-
ergy shift of �E and change in absorption ��=d� /dE �E,
over the entire range between 1.8 and 2.6 eV. The �E shift
for all spectral features is quite uniform and reaches about
0.12 meV at the maximum applied electric field of �6
�105 V /cm within the pentacene film. The features
strongly suggest that only a single electronic transition in-
cluding its vibronic progression appears in the spectrum
within the UV/VIS range. Note that the transition dipole for
the lowest electronic excitation between the highest occupied
molecular orbital �HOMO� and the lowest unoccupied mo-
lecular orbital �LUMO� is polarized parallel to the molecular
short axis,16 and therefore lies within the plane of the penta-
cene polycrystalline thin film with the �001� direction per-
pendicular to the substrate.17 The peak at 1.85 eV and the
shoulder at 1.97 eV are due to the 0–0 intramolecular
HOMO-LUMO excitation, where the former corresponds to
a Davydov component with polarization along a in the pen-
tacene unit cell, and the latter to another Davydov compo-
nent along b.18,19 The latter shows strong vibronic progres-
sion with major components of 150–190 meV
�1200–1600 cm−1�, which most likely originate from aro-
matic CvC stretching and CuH bending modes,20 al-
though the assignment of the lower-energy component is still
unclear.

Next, we present the quantitative evaluation results for the
excitonic Stark shift in terms of the second-order electro-
optic Kerr effects. For this purpose, we converted the
�� spectrum into the nonlinear electric susceptibility
��3��−� ;� ,0 ,0�.21 We evaluated the difference extinction
coefficient �k spectrum from the field-modulated �� spec-
tra. After Kramers-Kronig transformation of the �� spec-
trum into the �n spectrum, the third-order nonlinear electric
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FIG. 2. �Color online� �a� Electrical transfer characteristic of the
unipolar pentacene TFT. The insets show schematics for VG�0 and
VG�0, corresponding to charge and field modulation, respectively.
�b� Field-modulated and charge-modulated absorption spectra.
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FIG. 3. Field-modulation spectra for various electric-field
strengths. Inset: electric-field dependence.
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susceptibility ��3��−� ;� ,0 ,0� can be expressed by the fol-
lowing relationships:21

Re���3��− �;�,0,0�� =
n�n − k�k

2�F2 ,

Im���3��− �;�,0,0�� =
k�n + n�k

2�F2 . �1�

Here, we used n and k as reported in literature,22 and F is the
electrical field strength. The real and imaginary parts of the
��3��−� ;� ,0 ,0� spectrum are plotted in Fig. 4. Note that the
electro-optic responses are ascribed to the intrinsic nature of
insulating pentacene. Comparable to the values for thin films
of oligothiophenes,21 we find a nonlinear susceptibility of 6
�10−12 esu. Such a comparatively large electro-optic effect
is characteristic of organic �-electronic materials, owing to
the high polarizability of the extended electron system.23 The
particularly large dipole moment between the ground state
and Frenkel exciton as well as the dipole moment between
the Frenkel exciton and higher forbidden excited states
should be responsible for the nonlinearity. Such nonlinear
electric response has recently been used for detecting the
dynamic nature of insulating regions by using time-resolved
microscopic optical second-harmonic generation;24 the
method provides a unique approach for studying the transient
electric-field distribution in the channels of pentacene OT-
FTs.

Returning to the field-modulated �� spectrum, the ob-
served spectrum is clearly very different from that in previ-
ous studies.3 The reported spectrum was composed of two
separate ranges where the features in the low-energy range
�1.8–2.0 eV� follow the first derivative of the absorption
spectrum while the high-energy range �2.0–2.4 eV� could be
fitted by the second derivative. It was proposed that these
two ranges should be ascribed to the Frenkel and CT exci-
tons, respectively. Nonetheless, it was also pointed out that
the latter assignment and such range splitting by itself could
be problematic due to the overlap with vibronic satellites of
the Frenkel exciton.25 In striking contrast, our experimental

results clearly indicate that no CT exciton formation could be
identified around 2.0–2.4 eV in pentacene polycrystalline
films, although the crystallinity and thereby the intermolecu-
lar CT should be even more enhanced compared to that re-
ported in previous studies on amorphous films. Our conjec-
ture is that the previous studies might have detected spectral
broadening around 2.0–2.4 eV due to the amorphous nature
of the films as well as to charge injection; in general, a sec-
ond derivativelike curve is obtained by spectral broadening.

In the spectra, another field-induced feature is clearly de-
tected at 2.95 eV, around which the pentacene absorption
spectrum exhibits no particular feature. In accordance with
EA measurements in other molecular materials, we could
ascribe the induced absorption to the activation of an opti-
cally forbidden transition,7 most probably associated with the
interaction with higher CT exciton states or free-electron-
hole pair generation. The results indicate that the electron-
hole binding energy in the Frenkel exciton is as large as 1 eV.
This value is consistent with the binding energy for
polymers.26,27 Although pentacene can exhibit a high charge-
carrier mobility and nearly bandlike conduction, we showed
that the optical-absorption spectrum is dominated by the
lowest localized �Frenkel� excitonic absorption due to the
strong electron-hole Coulomb interactions. This shows that
either the localized or delocalized nature of charges can be
highlighted, depending on the experimental method.28 Actu-
ally, a very recent study illustrated that single-grain 6,13-
bis�triisopropylsilylethynyl� �TIPS�-pentacene TFTs show
clearly bandlike transport properties whereas �charge modu-
lation� spectroscopy revealed the strongly localized character
of the mostly trapped accumulated charge carriers.29 Accord-
ing to photoconductivity measurements in pentacene, in con-
trast, charge-carrier generation should occur above around
2.2 eV.30 There has been much debate as to whether or not
the intrinsic charge-carrier generation in molecular crystals
after the excitation of a Frenkel exciton located energetically
near the conduction-band transition is buried under the exci-
ton transition. The issue has become critically important for
the design of efficient organic photovoltaic cells. Our results
may imply that free-electron-hole states should be generated
by autoionization of a localized excited molecular state fol-
lowed by thermalization,30 possibly due to the branching be-
tween ionizing and nonionizing transitions.3

In summary, pure electric-field effects on the excitonic
absorbance of pentacene thin films are presented as measured
by unipolar field-effect devices. We found that the use of
TFT/MIS structures allowed us to clearly separate these ef-
fects from charge accumulation effects. The results show that
the field-modulation spectrum is dominated by the Stark shift
of the absorbance from the lowest Frenkel exciton over the
entire range between 1.8 and 2.6 eV whereas no sign of a CT
exciton was observed in this energy range. Based on the
measurements, we also evaluated the fundamental electro-
optic response, which reaches as high as 6�10−12 esu for
��3�. Finally, we observed a field-induced feature at higher
energy around 2.95 eV, and the present results suggest that
the electron-hole binding energy should be as large as 1 eV.
This indicates that the excitonic effects are much greater than
those previously discussed, although the material has re-
cently shown nearly bandlike conduction.
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