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ABSTRACT: The electronic structures of the highest occupied molecular orbital
(HOMO) or the HOMO-derived valence bands dominate the transport nature of positive
charge carriers (holes) in organic semiconductors. In the present study, the valence-band
structures of single-crystal pentacene and the temperature dependence of their energy−
momentum dispersion relations are successfully demonstrated using angle-resolved
ultraviolet photoelectron spectroscopy (ARUPS). For the shallowest valence band, the
intermolecular transfer integral and effective mass of the holes are evaluated as 43.1 meV
and 3.43 times the electron rest mass, respectively, at room temperature along the
crystallographic direction for which the widest energy dispersion is expected. The
temperature dependence of the ARUPS results reveals that the transfer integral values (hole
effective mass) are enhanced (reduced) by ∼20% on cooling the sample to 110 K.

Charge carrier transport in semiconducting molecular solids
is a central question in the pursuit of organic electronic

devices with superior efficiencies. In particular, the mobility of
charge carriers is regarded as a criterion not only of the
appropriateness of a material for usage as a good semiconductor
but also to distinguish the probable mechanism of transport,
that is, bandlike or hopping transport. In this context,
molecules exhibiting large mobility values attract attention
from the viewpoints of both fundamental science and device
applications. Moreover, because the molecular solids are
constructed with weak van der Waals bonding, the charge
carriers inside the solids generally undergo strong coupling with
intra- and intermolecular vibrations. Accordingly, knowledge
about the temperature dependence of the electronic structures
is essential to clearly define the transport nature of the charge
carriers as Holstein−Peierls-type small polarons in organic
semiconducting materials.1−6

The present target molecule pentacene (C22H14) is one of
the most well-studied organic semiconductor materials.
Significantly large mobility values of the positive charges
(holes) were reported in thin-film (1.5 cm2V−1s−1)7 and single-
crystal (over 10 cm2V−1s−1)8 phases of pentacene, implying that
the transport mechanism should be interpreted as bandlike
rather than intermolecular hopping. As the electronic origin of
the transport behavior, valence bands showing energy−
momentum (E−K) dispersion relations have been proven on

thin-film samples of pentacene using angle-resolved ultraviolet
photoelectron spectroscopy (ARUPS).9−13 Although such
information on the band structures provides a fundamental
basis for the transport nature,14,15 it is generally not sufficient
for comprehensive reproduction of the experimental values of
charge-carrier mobility in thin-film devices because of strong
disturbances in device performance by structural imperfections,
such as grain boundaries.16−18 Therefore, single crystals with
minimized structural imperfections are suitable benchmarks for
relating electronic structures directly with the electric responses
exhibited by actual devices.
For single crystals of pentacene, many studies have estimated

the charge-carrier mobility in field-effect transistor (FET)
devices, with reported values of as great as 5 cm2V−1s−1.19−29

Moreover, theoretical calculations have predicted the formation
of widely dispersed valence band derived from the highest
occupied molecular orbital (HOMO).30−32 However, although
experimental characterization of the valence bands of the
pentacene single crystal (Pn-SC) has been attempted,33−35 the
E−K dispersion structures have not yet been observed
experimentally. One reason for this situation is ascribed to
the experimental difficulty of so-called “sample charging”, which
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commonly hinders accurate characterization by standard
photoelectron spectroscopy techniques on single-crystal
samples of organic semiconductors. This problem can be
overcome with the assistance of enhanced photoconductivity
under laser light illumination during photoelectron spectrosco-
py measurements, and the valence-band dispersion structures of
the single crystal samples of several organic semiconductor
materials have been successfully resolved in this way.36−41 For
the Pn-SC, fine analyses of inner-shell electronic states have
recently been accomplished by means of photoconductivity-
assisted high-resolution X-ray photoelectron spectroscopy
(XPS).42 Nevertheless, the E−K dispersion of the valence
bands has not yet been resolved by ultraviolet photoelectron
spectroscopy experiments using standard excitation photon
energies (e.g., 21.2 eV), even with the assistance of enhanced
photoconductivity.
In this study, we successfully demonstrated the valence-band

dispersion structures of the Pn-SC for the first time using
photoconductivity-assisted ARUPS. Adopting low-energy (10
eV) photons as the excitation source enabled us to unveil the
“bulk” band beneath the surface. The E−K dispersion of the
valence band was clearly resolved along the crystallographic
direction for which the widest bandwidth has been theoretically
predicted. In addition, the evolution of the valence-band
structures upon cooling the sample temperature from room
temperature to 110 K was also examined. The transfer integral
and effective mass values for the conducting holes were
revealed at these temperatures based on the present
experimental results.
Single-crystal samples of pentacene were produced using

previously described procedures.34 Quasi-parallelogram-shaped
plates (ca. 3 mm × 2 mm) of Pn-SCs were selected and
attached to pieces of conductive carbon tape. Subsequently,
silver paste was added at the peripheries of the crystals for good
electrical contact. The surface index of the present sample was
identified as (001) face by grazing incidence X-ray diffraction
(GIXD) analysis at BL-46XU of SPring-8.43 The orientation of
the crystal lattice of the Pn-SC sample was determined by the
anisotropic character of the crystal shape,44 as illustrated in
Figure 1b. Thus a slight misalignment of the sample azimuthal
angle in the range of ±5° was inevitable, which may result in
deviation of the reciprocal lattice point by ∼0.5 nm−1 at the
boundary of the surface Brillouin zone (SBZ). Because the Pn-
SC samples were exposed to ambient air for at least for 1 h and
used as-is for ARUPS measurements, oxide species of a few
percent population were likely formed at the crystal surface.42,45

ARUPS measurements were carried out at BL7U in UVSOR,
IMS.47 In the present work, the excitation photon energy was
set at 10 eV. The probing depth of these measurements is
expected to be deeper than the layer distance of the Pn-SC
(1.41 nm)46 because of the relatively long inelastic mean path
(∼2 nm) of electrons of their kinetic energy <10 eV.48−50 The
photoelectron emission angle was varied along the Γ−M′
direction of the Pn-SC (Figure 1c), for which the widest energy
dispersion has been theoretically predicted.30 The sample was
illuminated by continuous wave laser (405 nm, 30 mW) to
relieve positive charging of the sample surface after photo-
electron ejection.36 The sample temperature without any
intentional heating or cooling was 309 K, which we define as
room temperature (RT) in this work. The sample was slowly
cooled (approximately −1 K per 3 min) to trace the
temperature dependence of the valence-band structures.

Figure 1d shows ARUPS spectra of the Pn-SC taken at RT.
The electron emission angles θ of 0° and ∼33° correspond to
the Γ and M′ points in the SBZ, respectively. The abscissa is
taken on an electron binding energy (BE) scale with respect to
the Fermi level. Spectral profiles in the BE range of 0.5−1.5 eV,
which are attributed to the valence band (highest occupied
states) of the Pn-SC, exhibit characteristic transformations with
respect to θ. In the normal emission condition (θ = 0°), two
spectral components are resolved in close proximity to each
other at BEs of <1 eV. By changing the emission angle, these
components coalesce at around θ = 10°, split into two again by
θ = 20°, and are further separated at larger θ. This variation
represents the energy dispersion of the valence bands of the Pn-
SC.
The ARUPS spectra of Figure 1d are represented on the E−

K∥ plane (K∥ is the surface parallel component of the electron
wavenumber) as shown in Figure 2a, where the electronic band
structures are replicated as an undulation of the photoelectron
intensity. The shape of the valence-band structures revealed by
ARUPS measurements excellently reproduces the theoretical
prediction.30 Notably, the trend of the present dispersion
relation, namely, the expansion of the energy split of the two
bands when moving toward the edge of the SBZ along its
diagonal direction, is in contrast with that of the thin-film phase
of pentacene.11

The E−K∥ dispersion relations of the Pn-SC valence bands
were mapped as plotted in Figure 2b in which the energetic
positions are determined through curve fitting of the individual
ARUPS spectra corresponding to the respective θ (for details,
see Supporting Information Figure S1). At the Γ point, the
spectra in the valence-band region are resolved into three
spectral components. The upper two components are
attributed to the two valence bands originating from the
HOMOs of the two pentacene molecules in the unit cell of the
Pn-SC, whereas the third component of a dispersionless
character may be ascribed to inelastic scattering of photo-

Figure 1. (a) Molecular structure of pentacene. (b) Schematic
illustration of the molecular arrangement and unit cell of the PnSC
(001) surface46 with the typical parallelogram-shape of the Pn-SCs.44

(c) Surface Brillouin zone of Pn-SC. The direction of the ARUPS
measurements is indicated by the gray arrow. (d) ARUPS spectra of
Pn-SC taken toward the Γ−M′ direction at RT. The vertical bars are
guides for the eyes to indicate the peak positions of spectral
components. The measurement geometry is illustrated in the inset.
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electrons by impurities.36,39 The E−K dispersion of the first and
second bands can be reproduced well by a simple one-
dimensional tight-binding (1D-TB) approximation as

= +E K E t dK( ) 2 cos[ ]c (1)

where Ec is a BE position of the band center, t is the transfer
integral, and d is the distance to the (11 ̅0) lattice point. The Ec
and t values, estimated by using the lattice constant reported by
Mattheus et al.,46 are listed in Table 1. It has to be noted that
these values are derived solely from curvatures of the 2D
valence bands toward the steepest direction (the “−xy”
component) and thus may contain some uncertainness in the
absolute values. The first and second bands approach closest to

the Fermi level at the M′ and Γ points, respectively, and the BE
of the first band top is even smaller than that of the second
band, as indicated in Table 1. Hence, the valence band
maximum (VBM) is located at the M′ point rather than Γ,
which is also in agreement with the theoretical work.30

Figure 3 shows the ARUPS spectra of the Pn-SC taken at
lower temperatures. The overall appearance of the spectral
images does not change significantly, which corroborates the
absence of notable phase transitions of the Pn-SC in the
present temperature range.46 It is interesting to note that the
present E−K∥ dispersion width and behaviors exhibit close
resemblance to those of the “bulk-phase” pentacene monolayer
(see Supporting Information Figure S2).10 Using the 1D-TB
approximation, Ec and t for the first and second bands were
evaluated, as listed in Table 1, where the lattice constant values
at each temperature are approximated by simple linear
interpolation of the reported crystallographic data.46 The
VBM position is still at the M′ point of the first band at the
lower temperatures. This finding indicates that when the charge
carrier density is not too high, conductive holes injected from
electrodes into the Pn-SC are located in the first valence band
with a narrower energetic dispersion rather than in the second
band with a wider dispersion.
Whether charge-carrier transport in the Pn-SC is bandlike or

hopping transport has been under debate. One necessary
condition for bandlike transport is |4t| > kBT (kB: Boltzmann
constant; T: temperature), which is fulfilled at RT in the
present case even for the narrower first band. In the bandlike
transport framework, the mobility of a charge carrier is given as
a function of its effective mass m*. From the energy−time
uncertainty relation, the lowest limit of the drift mobility μD of
the charge carriers is given by their m* as51

μ ≳ × × * − − −T m m20 (300/ ) ( / ) [cm V s ]D 0
1 2 1 1

(2)

where m0 is the electron rest mass and the temperature T is
given in Kelvins. In the present case, the m* value of the holes
(mh*) derived from the curvature at the top of each band and
the lowest limits of μD are summarized in Table 1.
It is noteworthy that the field-effect mobility values of the

Pn-SC reported so far do not exceed the theoretical lowest
limits expected from inequality 2, as also listed in the
Supporting Information Table S1. This is in contrast with the
case of rubrene single crystals where the experimental
mobility52 surpasses the theoretical lower limit.36 In this
context, it is worth examining the validity of the hopping
transport. In fact, based on their systematic Hall-effect
measurements, Uemura et al. proposed “decoherence” of the
conducting holes in Pn-SCs, namely, that the transport
mechanism cannot be simply explained as bandlike transport
but some contribution from hopping transport has to be taken
into consideration.26

Figure 2. (a) Γ−M′ ARUPS spectral image taken at RT mapped on
the E−K∥ plane. The band calculation results30 are also plotted as
cross marks. (b) Binding energy positions of the three valence-band
components derived through least-squares fitting of the ARUPS
spectra plotted as a function of the electron wavenumber parallel to
the surface. The sizes of the symbols represent the intensities of the
respective spectral components. The 1D tight-binding (1D-TB) fitting
curves for the first and second valence bands are shown as thick lines.

Table 1. Band Center Positions (Ec), Transfer Integrals (t), and Energy Positions at the Band Tops (EM′ and EΓ, respectively),
hole Effective Mass (mh*), Lower Limit of the Drift Mobility Values (μD), and Upper Limit of the Hopping Mobility Values
(μET), of the First and Second Valence Bands of the Pn-SC Derived from the Present Temperature-Dependent ARUPS Results

Ec/eV t/meV EM′/eV EΓ/eV mh*/m0 μD/cm
2V−1s−1 μET/cm

2V−1s−1

temperature first second first second first second first second first second first second

RT 0.760 0.866 −43.1 +86.4 0.674 0.694 3.43 1.71 5.7 11.4 2.8 11.4
212 K 0.668 0.800 −45.7 +85.1 0.576 0.630 3.26 1.75 8.7 16.2 3.6 12.4
110 K 0.684 0.808 −53.1 +88.2 0.578 0.632 2.81 1.70 19.3 32.0 3.3 9.2
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The upper limit of the hopping mobility μET in molecular
solids can be formulated based on the Marcus rate equation for
electron transfer as53

μ = eL k T k( / )ET
2

B ET (3)

π πλ λ= ℏ × × −−k t k T k T2 / (4 ) exp[ / ]ET
2

B
1/2

B (4)

where e is the elementary charge, L is the distance between
adjacent molecules (hopping length), kET is the electron
transfer rate constant, and λ is the reorganization energy. The
μET values for positive charge carriers along the Γ-M′ direction
of the Pn-SC were evaluated, as listed in Table 1, where L = d/
2 was applied for the present case and λ was taken from
experimental values for thin-film phase pentacene.54,55 These
values are fairly consistent with the reported good field-effect
mobility values (∼2 cm2V−1s−1)20,22,23,26 of Pn-SC FETs,
although the recently reported best experimental results (∼5
cm2V−1s−1)27−29 are beyond these limits. The present results
also imply that the conduction mechanism in the Pn-SC cannot
be comprehended within either the bandlike or hopping
transport framework but that both take part in the charge-
carrier transport behavior.
Finally, we discuss the possible distinction between surface

and bulk electronic bands. On the single crystal of tetracene
(C18H10), a smaller member of the polyacene family, structural
relaxation at the top surface layer was reported.56 Accordingly,
the opposite valence-band dispersion behavior was predicted by
calculation for the surface-crystalline layer and the bulk;
namely, the two surface valence bands split widely at the Γ
point and approach each other along the diagonal direction of
the SBZ. As mentioned above, the probing depth of the present
measurements is deeper than the monomolecular height of
pentacene, and thus the ARUPS results in this work mainly
represent the bulk band structures of the Pn-SC. It is
noteworthy that the valence-band dispersion disappeared for
surface-sensitive ARUPS measurements on the Pn-SC samples
at higher photon energies (e.g., hν = 21.2 eV). The absence of
the surface-band dispersion may be ascribed to the presence of
surface impurities that disturb the coherence of the charge
carriers at the surface of the Pn-SC. Attempts to characterize
the “clean surface” of the PnSC are underway to resolve the
surface valence-band structures using ARUPS measurements.
In conclusion, the electronic band structures of the Pn-SC

and their dependence on temperature were experimentally
demonstrated by ARUPS. Two valence bands, which disperse
in opposite directions, were clearly resolved. The VBM was

revealed to be at the border of the SBZ on one valence band
with a narrower E−K∥ dispersion rather than at the Γ point on
the other band with a wider dispersion. The transfer integral
and effective mass values for the positive charge carriers at the
VBM were evaluated under the 1D-TB assumption as 43.1 meV
and 3.41m0, respectively, at RT, whereas these values increased
and decreased by ∼20%, respectively, at 110 K. The former
effective mass value corresponds to the lowest limit of the hole
mobility of 5.7 cm2V−1s−1 at RT. This value suggests that the
simple bandlike transport assumption may overestimate the
practical field-effect mobility of Pn-SC FETs. On the contrary,
the highest limit of hopping mobility at RT is expected to be
2.8 cm2V−1s−1, which is insufficient to explain recently reported
experimental field-effect mobility values. Accordingly, the
present results suggest that the charge-carrier conduction
mechanism in Pn-SCs must be a hybrid case of bandlike and
hopping transport frameworks.
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(13) Ciuchi, S.; Hatch, R.; Höchst, H.; Faber, C.; Blase, X.; Fratini, S.
Molecular Fingerprints in the Electronic Properties of Crystalline
Organic Semiconductors: From Experiment to Theory. Phys. Rev. Lett.
2012, 108, 256401.
(14) Ueno, N.; Kera, S. Electron Spectroscopy of Functional Organic
Thin Films: Deep Insights into Valence Electronic Structure in
Relation to Charge Transport Property. Prog. Surf. Sci. 2008, 83, 490−
557.
(15) Hatch, R. C.; Huber, D. L.; Höchst, H. Electron-Phonon
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