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Understanding of electron-phonon coupling as well as intermolecular interaction is required to discuss
the mobility of charge carrier in functional molecular solids. This article summarizes recent progress in
direct measurements of valence hole-vibration coupling in ultrathin films of organic semiconductors by
using ultraviolet photoelectron spectroscopy (UPS). The experimental study of hole-vibration coupling
of the highest occupied molecular orbital (HOMO) state in ordered monolayer film by UPS is essential
to comprehend hole-hopping transport and small-polaron related transport in organic semiconductors.
Only careful measurements can attain the high-resolution spectra and provide key parameters in hole-
transport dynamics, namely the charge reorganization energy and small polaron binding energy. Analyses
methods of the UPS HOMO fine feature and resulting charge reorganization energy and small polaron
binding energy are described for pentacene and perfluoropentacene films. Difference between thin-film
and gas-phase results is discussed by using newly measured high-quality gas-phase spectra of pentacene.
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Methodology for achieving high-resolution UPS measurements for molecular films is also described.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Organic semiconductors are molecular solids with specific
charge transport properties due to weak intermolecular interac-
tion [1,2]. A key character to find the semiconductive property in
a molecular solid is recognized that (i) an electron (hole) is local-
ized at each molecular cite as described by a molecular orbital (MO)
picture, however (ii) it is in part delocalized in the molecular solid
and spills into other materials at the interface even if they con-
tact by weak electronic coupling. The former feature (i) gives some
advantages when fabricating molecular devices, because molecular
characteristics in gas phase may be conserved in condensed phase
by weak intermolecular interaction. As seen in the present progress
of organic electronics, one can estimate qualitatively the device
performance in accordance to the individual molecular property
and can even synthesize a molecular material with a desired func-
tion. On the other hand, the latter feature (ii) is indispensable to
realize solid-state devices that use charge transport property and
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thus very important target to cut deeply into mechanisms of charge
transport throughout the device and origins of their elementary
steps. Unfortunately, however, origin of the charge transport prop-
erty is far from being adequately understood [3,4].

To reveal charge transport characteristic of organic materials
quantum mechanically/quantum chemically, the precise experi-
ments on the electronic structure not only of gas phase and/or
solid phase (single crystal, thin film etc.), but also at various inter-
faces in devices, including organic-organic and organic-inorganic
(metal/semiconductor) contacts are demanded. Requirements of
the electronic structure investigation come from at least two
motivations. First, the energy-level alignment (ELA) at the inter-
face between different materials plays a key role in charge
injection/ejection to another interface material by overcoming
the interface barrier height, or by charge (exciton) separa-
tion/recombination processes at the interface. The charge injection
barrier dominates the transporting charge-carrier concentration
(n)in the electrical conductivity. The ELA is described by measuring
the binding energy (BE, E;,) from Fermi level (Eg) and/or ionization
energy (IE, E;) by ultraviolet photoelectron spectrum (UPS).

Second, the carrier dynamics related phenomena give also
important bases to discuss charge transport property, which is
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related to the charge mobility . The hopping mobility is given
by the band shape and intensity in the UPS and band mobility is
evaluated by the energy-band dispersion in the angle-resolved UPS.
Charge-transfer processes and carrier dynamics in organic solids
have been widely studied in various fields. Detailed theoretical
descriptions can be found in several reviews [5-9]. According to
general microscopic models, total mobility can be expressed as
the sum of two contributions, i.e., (i) coherent conduction that
dominates band transport at low temperatures and (ii) incoher-
ent conduction that becomes dominant by charge hopping at high
temperatures. Important subjects still to be understood are related
to molecular and lattice vibrations (phonons) and their coupling
to a charge carrier. The electron-phonon interaction depends on
the molecular structure and their packing motif and therefore it
can impact both molecular site energies and transfer integrals. The
overall strength of electron-phonon coupling observed in highly-
resolved UPS is given by the relaxation energy between neutral
and ionized states, and the reorganization energy associated. In this
short review, we describe a recent development in direct measure-
ments of (local) electron-phonon coupling (HOMO hole-molecular
vibration coupling) for large functional molecular materials, which
will shed light on the incoherent charge hopping property [3,4].

2. How to realize fine feature measurement

As organic molecules consist of light elements, the intra-
molecular vibration energy is much larger than energies of lattice
phonons, and molecular vibrations with larger energies (~100
meV) contribute more to reorganization energy (A). This means
that we do not need an ultimate-resolution electron-spectrometer
system for measurement in this level of the study. The principal
drawback for obtaining high-resolution UPS is that spectral broad-
ening due to film structure is much larger than the vibration energy,
i.e., inhomogeneity of molecular film and energy-band dispersion
dominates the observed spectral-line width. We thus need to min-
imize such broadening in UPS. The non-uniform structure of the
thin film introduces serious dependence on the position of the ion-
ization energy, which originates from the site dependence of the
electronic states and the relaxation energy (polarization energy)
between in the final state upon ionization [10,11]. Furthermore,
electronic interaction for adsorbed molecule and substrate should
be minimized to reduce the appearance of new interface states with
different binding energies.

Fig. 1 shows Hel UPS taken for various phases of pentacene
(PEN). The spectra for gas-phase (from ref [12]), monolayer (ML)
films, amorphous film, and crystal films are compared. The Ej is
measured from the Fermi level of the substrate, and the IE is from
the vacuum level. In panel (a), the gas-phase spectrum is well
reproduced by theoretical calculation instead of vibration satel-
lites. In panel (b), the monolayer (0.3 nm film on HOPG) spectra,
where the electron is emitted from flat-lying film, seem to cor-
respond to the gas-phase one at least for top seven orbitals (all
are T states), indicating the electronic structure is not largely
modified by intermolecular and molecule — substrate interactions.
In panel (e), the spectra correspond to those of the amorphous
phase, since there is no clear angular distribution of features.
Valence bands are broadened comparing with gas-phase spec-
trum. In panels (c) and (d), the situation is rather complicated. In
the spectrum for 10nm-pentacene prepared on HOPG (panel (c)),
forming an oriented polycrystalline film (long molecule axis par-
allel to the surface) [13], the highest-occupied molecular orbital
(HOMO) band peak does not correspond to the gas-phase posi-
tion if one makes spectrum alignment at other deeper-lying states.
In the spectrum for 20nm-pentacene prepared on SiO, (panel
(d)), showing ordered polycrystalline film (long molecule axis

perpendicular to the surface) [14-17], additional feature is
appeared at the gap between HOMO and HOMO-1(H-1). These
large changes in the HOMO band shape are caused by forming
energy-band dispersion for well-stacked polycrystalline samples
[18,19]. To describe more precisely, the results of angle-resolved
UPS (ARUPS) are useful to understand the band shape [13-19].
When we look the spectra in the details very carefully, the figure
in a survey view also tells important physics both on the initial
state and final state effects in the UPS, which would be (i) the
polarization energy depends on the orbital distribution and (ii) the
one-electron approximation does not work for energy level calcula-
tions of molecular solids [20,21]. The impact of electronic relaxation
is also crucial to understand the charge transport in molecular
solids. Upon electron(hole) hopping, for example, the remaining
electrons response to the hopping electrons (hole). Effects of such
a dynamic relaxation should appear in the photoelectron spectrum
and can be discussed by a time-dependent many-particle picture,
which is beyond the scope of this review.

The origin of the UPS bandwidth for organic solids was dis-
cussed extensively until the end of the 70s [22-24]|. After the
work done by Salaneck et al., [23], the UPS bandwidth of the
HOMO state in organic films was considered to have been mainly
dominated by the dependence of relaxation (polarization) energy
[24] on the site/depth, since it yielded a broadened UPS feature
with a full-width-at-half maximum (FWHM) of >~ 0.4eV. As a
result, it was considered that intermolecular energy-band disper-
sion could not be measured, since the dispersion width may be
smaller than the spectral bandwidth due to the dependence of
relaxation (polarization) energy [3] on the site/depth. Nowadays,
the measurement of band dispersion on an organic material has
been successfully achieved in many systems [3], and very recently
even for very small band dispersion in a range of a few-tens meV
was observed by Yamane et al. for phthalocyanine (Pc) films, which
thanks to development in the measurement technique and the
sample preparation [25,26]. Unfortunately, the measurement of
electron(hole)-phonon(vibration) coupling in organic thin films
has also been believed to be impossible, although the possibility of
molecular vibration contributing to the width of the HOMO band in
UPS has been suggested by taking into consideration of the excel-
lent one-to-one correspondence of the valence-band features to
those in gas-phase [27], and evidence was found for a tetracene
film in an early work on UPS by N. Ueno. [28]. Therefore, gas-phase
UPS spectra, where hole-vibration coupling is resolved for HOMO,
have been used in theoretical studies of hole-hopping mobility
[5,6]. However, there is a serious problem in using the gas-phase
spectrum, since the molecules are in more thermally excited states
due to the evaporation at higher temperature. We need to measure
HOMO hole-vibration coupling at lower temperatures using thin
films or adsorbed molecules to discuss hopping mobility.

In Fig. 2, the high-resolution Hel UPS of HOMO taken for various
phases of PEN are presented. The spectra for gas-phase, mono-
layer films [29], amorphous film [18,19], and crystal film [18,19]
are measured by using the same apparatus (Omicron HIS13 UV
lamp with polarizer and VG-CLAM4 analyzer). In the gas spectrum,
a very sharp HOMO band is observed and hole-vibration coupling
is detected at the high-binding energy side with asymmetric fea-
ture. Note that the line shape of gas-phase UPS depends on the
instruments as well as the temperature of molecules. Deposition of
low-vapor pressure molecules on electrodes of electron analyzer
system may cause serious problems on the line shape as seen in
Fig. 2. Coropceanu et al., reported a spectrum which shows a larger
tail shape in the high-kinetic energy side [12], while our newly
measured gas-phase UPS is free from it. The high-kinetic-energy
tail feature by Coropceanu et al. [12] might be produced by an
instrumental artifact. The details of a newly constructed gas-UPS
apparatus will be described in elsewhere.
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Fig. 1. He [ UPS spectra for various phases of pentacene recorded at two different photoemission angles (6 =0 © (surface normal: black) and 45° (pink/gray)). (a) gas-phase
pentacene taken at 508 K reported by Coropceanu et al. [12] and calculated MO energies by a DFT (B3LYP/6-31G**). (b) Flat-lying one-monolayer film (1ML) on HOPG
(295K) [19]. (c) 10-nm pentacene prepared on HOPG (295K) [19], having an oriented polycrystalline film (long molecule axis parallel to the surface) as described in ref
[13]. (d) pentacene(20 nm)/Si0,/Si(100) [19], showing an oriented polycrystalline film (long molecule axis perpendicular to the surface). (e) pentacene(20 nm)/ITO, giving
an amorphous film with molecules of standing tendency. The normal emission spectra are cited from [18,19] and spectra at 6 =45° obtained for the same sample are newly
depicted. The ionization energies of HOMO are measured at the dashed lines; IE, at the peak and IE. at the onset energy.

A similar sharp HOMO band is observed for the oriented mono-
layer film prepared on the HOPG substrate. We will analyze the
line shape of this sharp HOMO band and discuss the charge hopping
related phenomena. We find important differences in the line shape
of the monolayer film depending on the temperature [4,29,30].
On the other hand, a broadened HOMO band with a large tail is
observed for the films prepared on the SiO, or polycrystalline metal
substrates, where the band gives ~0.4 eV width and shows no fine
features. PEN is known to have polymorphs depending on the con-
dition of film preparation [13], hence two peaks with a sharp onset
features [spectrum (e) in Fig. 2] are observed as an evidence of a
crystalline sample prepared on CuPc/GeS substrate [19]. These fine
features originate from the HOMO band dispersion [14-18]

Organic semiconductor thin films do not grow layer-by-layer
to form non-uniform polycrystalline films with a broadened
HOMO-band in UPS. Thus, one must prepare a uniform molecu-
lar monolayer to attain high-resolution UPS. Although islands of
molecules with orientations different to the monolayer region grow

at defects/step bunches of the substrate surface, the islands may
be selectively cleaned away by appropriate heat treatment after
deposition of a thicker molecular layer, as observed with photoemi-
ssion electron microscopy (PEEM) [31,32]. From our experience, the
detection of vibration satellites with UPS, which appear as skewed
asymmetric line shape as seen in Figs. 2 (b) and 2(c), is a good indi-
cation of the formation of very large domains of uniform ultrathin
organic film. Another important phenomenon during film growth
is that molecular thin film changes its packing structure depend-
ing on temperature, since intermolecular and molecule-substrate
interactions depend on temperature, and this makes it very dif-
ficult to prepare a uniform film. Even for ultra-thin films, like a
monolayer or bilayer, the packing structure may change depend-
ing on the preparation condition that would make a difference in
grain size [4,29,33].

When the molecule has a permanent electric dipole, effects of
the inhomogeneity in the film appear more clearly in the UPS spec-
tra [34]. We have studied the phenomena for polar-Pc systems
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Fig. 2. Hel UPS spectra for various phases of pentacene. (a) gas-phase at 433 K (black curve) by the present measurement and at 508 K (red curve) reported by Coropceanu
etal.[12]. (b) lying- monolayer (1ML) on HOPG (295K, RT) from ref [29], (c) 1ML on HOPG (49K, LT) from ref [29], (d) standing-disorder ML film (1 nm) on SiO, (295 K) from
the same sample of ref [19], and (e) standing-crystalline ML film (1.5 nm) on CuPc/GeS (295 K) from the same sample of ref [19]. All spectra are recorded by the same electron
energy analyzer and UV lamp. The angle-integrated spectra are shown for the films after subtracting the background signals. The IE of 6.58 eV (gas phase/red curve[12]) is
slightly different from the value (IE=6.61eV) by our newly measured spectrum (a). The abscissa is aligned to 0-0 transition peak in the gas-phase spectrum. IE for each film
((0-0) peak energy for sharp spectra and onset energy at the dashed line for film spectra) is described in the figure.

(ClAIPc [35], OTiPc [36-39], OVPc [40], and PbPc [36,41]). As an
example, Hel UPS of the 0.2-nm-OTiPc/HOPG, the results of the as-
grown film on the HOPG kept at room temperature (RT) and the
film annealed at 430K are compared in Fig. 3(b). OTiPc molecule
has a permanent electric dipole perpendicular to the molecular
plane (0% -Ti %* direction, 2.16 Debye [38]) with oxygen atom being
negatively charged. For the as-grown film, the HOMO band con-
sists of three features denoted by A, B, and C, while a very sharp
HOMO band A’ is observed for the annealed film as observed in
the CuPc/HOPG system [34,39,42]. Similar annealing effects are
observed in other polar-Pc systems (CIAIPc, OVPc, and PbPc), which
can be explained by the rearrangement of the molecules due to the

diffusion/migration and reorientation of the molecules. The lateral
inhomogeneity of the electronic structure due to position depend-
ence of the molecule-substrate interaction is clearly observed with
the microspot UPS [10]. The large difference in the UPS features
depending on the ensembles would be a general phenomenon
for other organic compounds which has a permanent dipole. For
some dipole phthalocyanine molecules, monolayers formation on
graphite and their dielectric properties are summarized in ref. 39.

On the other hand, a flexibility of the molecular structure at
RT is also a key nature of functional molecules. Fig. 4 shows the
UPS results for 5,6,11,12-tetraphenyltetracene (rubrene) molecule
[43], which attracts high interest, since its single crystals exhibit

(a) cupc === ||(b) OTiPe
A e
450
2 U PR

a annealed
O as grown

Intensity (arb. units)

ﬁi@( (c) Pbpe o @T\

2 1.5 1 2
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1 2 1.5 1 0.5
Binding Energy from Ef (eV)

Fig. 3. Effects of annealing on HOMO-band position and width/shape in UPS for (a) CuPc(1 nm)/HOPG, (b) OTiPc(0.2 nm)/HOPG, and (c) PbPc(0.2 nm)/HOPG. Experimental
geometry is illustrated in each panel. As-grown film at RT (open circles) and annealed film (filled triangles) are compared. Preparation condition can be found in refs [35-41].
OTiPc and PbPc have an electric dipole as shown in panels (b) and (c), respectively. Corresponding molecular orientations are also shown. The angle between the incidence
photon and photoelectron is fixed at 45c¢. The figure is redrawn from ref [34]| with permission.
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Fig.4. a)Fitting result to the angle integrated HOMO peak of a monolayer of rubrene
on HOPG. Dots correspond to measured data (sum of the background subtracted
spectra), cyan/gray peaks to the first ionization peak of the twisted conformation (T)
and its vibrational progressions, green/dark gray peaks to the planar conformation
(P), and the red line is the sum of the fitted peaks. b) Same for photoemission angles
(0) of 0° and 45°, respectively. c) Photoelectron angular distribution for peak T1 and
peak P1 of the rubrene HOMO. The intensities are normalized to the maximum at
40°. The figure is after ref [43] with permission.

very high hole mobility in transistor devices with delocalized band
transport [44,45]. Duhm et al reported that the rubrene monolayer
on HOPG consists of two adsorbents of different conformations,
so-called twisted and planar structure. Judging from difference of
angular distributions of HOMO-band intensity, they successfully
deconvoluted the spectral components into two groups from each
species. As described later, when we discuss the fine structures or
the spectral width/shape of the HOMO band, we should be very
careful with the intrinsic/extrinsic inhomogeneity of the prepared
film.

As a summary, possible origins of the UPS-band width (shape)
due to solid-state effects, which led to the features broadening, can
roughly be considered either on (i) a quality of film structure and
(ii) intermolecular and/or molecule-substrate interaction. The lat-
ter can be classified into four origins: (i) energy-band dispersion, (ii)
vibration (phonon) coupling (change in shape), (iii) lifetime broad-
ening (change in shape), and (iv) polarization/relaxation-related
phenomena. In principle, the bandwidth of UPS features contains
information on electron-phonon coupling, electron (hole) lifetime,
and electron-defect scattering. These have been the subjects of
an excellent review by Matzdorf [46]. The lifetime broadening in
photoemission appears differently from that in an electronic tran-
sition to a bound state. The lifetime broadening in photoemission
from an ultrathin film of weakly interacting molecules may yield a
skewed shape for the line while tailing to a higher kinetic energy,
since the photoelectron kinetic energy increases by disappearance
of the photo-generated hole potential during existing outside the
film [47,48], which is resemble to phenomena due to the post col-
lision interaction (PCI) in gas-phase inner-shell ionization [49,50].
The lifetime of the photogenerated-HOMO hole is dominated by
the electronic interaction between ionized molecules and the sub-
strate, also providing information, e.g., on the electron transfer
rate from the substrate to the molecule. Note furthermore that
the dynamic effects are also related to the time required to polar-
ization/relaxation of ionized molecules and neighboring molecules
upon ionization, that is a time series in the various polarons (elec-
tronic, very small, small and large polaron) for molecular system
[2,51,52]. That is, if the time for polarization/relaxation is in a
time scale of a photoelectron to travel to an electron analyzer,
the experimental line width (ionization energy) reflects the time

dependence of the polarization/relaxation energy on time. The
study on the dynamic polarization, that is polaron phenomena,
would open a quantum mechanical view of charge transport in
molecular solids [3]. Very recently, we have obtained some evi-
dences on the dynamic effects of charges in the molecular solid
by ARUPS measurements (unpublished). The hole-vibration cou-
pling intensity depends on the photoemission angle [4]. It will be
an interesting target to study the transport mechanism for organic
molecular solids. As a result, the observed UPS spectra show various
line shapes.

3. Analysis of electron-phonon coupling

There are two major parameters in hopping transport: (i)
the electronic coupling (transfer integral (t)) between adjacent
molecules, which needs to be large and (ii) the reorganization
energy, A\, which needs to be small to obtain efficient hopping
mobility. For hole transport, t can be experimentally obtained
from the HOMO-band dispersion of a molecular stacking system
[13-17] or by splitting the HOMO level of a dimer molecule [41],
though t depends on the overlapping of the necessary wave func-
tions of adjacent molecules [14]. The N corresponds to the sum
of the geometry-relaxation energies (A.;) when a molecule goes
from a neutral to an ijonized geometry (A)) and from an ion-
ized to a neutral geometry (A(9)) during hole hopping through
molecular aggregates. Since the vibration energies of conjugated
C-C stretching modes are 150-200 meV (1200-1600cm™'), the
classical high-temperature approximation is only approximate in
hopping transport at room temperature.

If the A\(©) does not differ too much from A*), X can be written
as

A=A0 4y )~ (1)

This can be satisfied for a system where the molecular struc-
ture is not largely deformed on being ionized. The contribution
of each vibration mode to the relaxation energy, A\(*), can be
determined by the intensities of vibration satellites in high reso-
lution UPS. However the fine features can be accessible only for
weakly interacting molecular systems, where t<\ is achieved. As
demonstrated later, the A would be a specific parameter of a molec-
ular material, because electron-phonon coupling in large aromatic
molecular films is greater for the local molecular vibration than
lattice phonons. The relaxation energy of the ionized state, A\(*) for
hole or A=) for electron, in the context of small (molecular) polaron
theory is also referred to as the polaron binding energy (E,) here.
As Ep is defined as a stabilization energy when the hole is localized
on a molecule at a single lattice site, E, is directly related to A,
The satellite intensities are described by the values of the Huang-
Rhys factors, S, which in harmonic approximation are related to A(*)
by

Ele = )\(+) = ZS,-hvi (2)
i

where i denotes i-th vibration mode. It is useful to point out that S
is directly related to the electron-phonon coupling constant [5,6].
When the neutral state is in the vibrational ground state, the inten-
sities of vibrational progression are given by Poisson distribution

sn
e—S

In=ﬁ

(3)
where I, is the intensity of the nth vibrational satellite. These rela-
tionships mean that once the energy of vibration mode i (hv;)
and corresponding I, are measured with high resolution UPS of
HOMO, S;, ™), E; and \ can be experimentally obtained. The p
can be directly studied by using UPS, since t is also determined
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Fig. 5. (a) Angle-integrated-ML UPS spectra (blue circles) for pentacene, compared with convoluted curves by MMA (solid curves) in bottom panel and by SMA (solid curve)
in top panel. (b) Newly measured gas-phase UPS spectra (yellow triangles) for pentacene compared with MMA and SMA. Vertical bars in MMA indicate 0-n (n=0-4) transition
intensities. Convolution curve in MMA is obtained by Voigt functions (W¢ =62 meV and W =83 meV for ML and W¢, =62 meV and W = 20 meV for gas) with S¢ (Huang-Rhys
factor for film) and S¢ (Huang-Rhys factor for gas). The SMA results are shown for convolution with four Voigt functions (the same W¢ and W to MMAs) with an energy
separation (hv) of 167 meV and Sg=0.312 for the ML and S¢ = 0.264 for the gas. HOMO pattern is also shown as inset. The gas UPS spectrum reported by Coropceanu et al is
superimposed (pink squares) from ref [ 12]. Slightly different results of SMA and MMA are reported in ref [30] with different parameter sets that were obtained by comparing

gas-phase spectrum of PEN. The ML spectrum is cited from [30] with permission.

by UPS, making the first-principles experimental studies of . pos-
sible [4]. Although these molecular parameters are very helpful in
designing organic semiconductor molecules, the high-temperature
approximation is too simplistic when we need to calculate . using
experimental A obtained at low temperatures. Therefore theoreti-
cal work is required to realize more effective use of the UPS results
in obtaining .

Here, we report how to analyze experimental data of the
electronic structure and hole-vibration coupling of PEN and per-
fluoropentacene (PFP) monolayer on graphite [30]. We compare
the hole-vibration couplings in PEN and PFP monolayers and in
gas phase to study the effect of perfluorination on S;, ), Epq
and \. We observed that the UPS vibrational structure is largely
different between PEN and PFP in monolayer phase as well as in
gas phase. Furthermore although the vibration energy is decreased
by perfluorination as expected from much larger mass of fluo-
rine atom than hydrogen, the vibronic-satellite intensity due to
hole-vibration coupling is significantly enhanced in PFP. We found
that the latter contribution to A is much greater than the former
one, resulting in serious increase in \ of PFP also for the mono-
layer.

Hel UPS spectra of the PEN(ML)/HOPG and PFP(ML)/HOPG com-
pared with gas-phase UPS are shown in Figs. 5 and 6, respectively.
At first glance one sees that the valence-band features in the
monolayer spectra correspond well with those in the gas phase
[12,53], indicating the electronic structure is not significantly
modified by intermolecular and molecule-substrate interactions.
One clearly sees that the HOMO band represents an asymmetric
shape caused by a vibrational progression towards the higher Ej,
side.

3.1. Pentacene (PEN):

We compared UPS spectra, in which the intensity is integrated
for photoemission angle 6 = 0-66° after subtracting the background,
measured at low temperature of the PEN(ML)/HOPG (at 49 K) and
the gas-phase UPS (vaporized at 433 K). The E;, of the gas-phase
spectrum is shifted to align the (0-0) peak. The HOMO consists of
mainly four fine features, namely a main peak (0-0 vibronic tran-
sition) with three satellites (0-1, 0-2, 0-3 vibronic transitions) for
the gas-phase and the monolayer spectra. Note that the intensities
of the vibration satellites in the 49K film are more intense than
those in the gas phase. We found that such a fine structure shows
no coverage dependence during the monolayer formation since the
intermolecular interaction along the surface lateral is dominated by
the negligibly weak o — o interaction (~ 11 meV) [54]. These indi-
cate that the hole-vibration coupling in PEN thin films is different
from that in free molecules owing to the solid-state effect.

Brédas and co-workers reported that UPS vibrational fine struc-
tures of the gas-phase PEN and PFP were well reproduced by using
all 18 totally symmetric (Ag) vibrational modes whose intensi-
ties satisfy the Franck-Condon principle (linear coupling model)
[5,12,53]. Hereafter, we call it multimode analysis (MMA). As
described before, there is uncertainty problem in measuring gas-
phase UPS for large molecules, hence we demonstrate that the
convolution of gas spectrum, which is newly measured by us
recently, by MMA using Voigt functions (the FWHM of Gaussian
function (Wg) and Lorentzian function (W) are fixed to 62 meV
and 20 meV respectively) with considering the 0-n (n=0 to 4) tran-
sitions. The width of Voigt function (W and W) is specified by
fitting spectral shape with the low-energy tail of (0-0) peak. Briefly
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Fig. 6. (a) Angle-integrated-ML UPS spectra (blue circles) for perfluoropentacene (PFP), compared with convoluted curves by MMA (solid curves) in bottom panel and by
SMA (solid curve) in top panel. (b) Gas-phase UPS spectra (yellow triangles) for pentacene compared with MMA and SMA. Vertical bars in MMA indicate 0-n (n=0-4)
transition intensities. Convolution curve in MMA is obtained by Voigt functions (W¢ =110 meV and Wy =100 meV for ML and W =110 meV and W =20 meV for gas) with
Sk (Huang-Rhys factor for film) and Sg (Huang-Rhys factor for gas). The SMA results are shown for convolution with four Voigt functions (the same W¢ and W; to MMAs)
with an energy separation (hv) of 173 meV and Sg =0.710 for the ML and S¢ = 0.645 for the gas. HOMO pattern is also shown as inset. The gas UPS spectrum by Delgado et al.

(green curves) is cited from [53]. The ML spectrum is cited from [30] with permission.

the origin of W is from an instrumental resolution and a distribu-
tion in the t due to site dependence and/or inhomogeneity of the
film, while the origin of W, which is necessary to reproduce the tail
of the HOMO peak towards the low-energy side, could be described
by thermal excitations of vibrations in the initial state of photoion-
ization and/or the finite hole lifetime of the photogenerated hole
as described in sec. 2. When one considers the thermal energies of
the samples in the measurements, the energy gain is expected to
be negligibly small. It is thus considered that the important origin
of the large low-energy tail at low temperature is the HOMO-hole
lifetime [3,4,47,48].

We used the calculated S factors (S, theoretical result for an
isolated molecule) and the calculated vibration energies (with a
scale factor of 0.9613), for cation state obtained by Brédas et al.
to simulate the intensity of vibration satellites. In the present
gaseous UPS, which shows much sharper and less tailing fea-
ture, we find remarkable disagreement with the simulated curve,
even if we assume a Lorentzian contribution to adjust the tail
feature. It indicates that the theoretical approximation needs to
be further developed even for an isolated molecule. We tried to
reproduce the monolayer spectrum by changing the width and S,
and found that it shows a better agreement by assuming S =1.15
Scal (Sg: S for the gas spectrum) than for Sg=1.0(or 1.3) S, for
each 18-vibrational modes. This analysis yields A(gas)=104 meV,
A*)(gas)=E,,(gas)=52 meV. The pure theoretical values are A=
92-98meV, A*) =, =46-49 meV [30].

The MMA of monolayer spectrum was performed as the analysis
of the gas-phase spectrum by using different Voigt functions (W¢g=
62 meV, Wi = 83 meV). The difference in the spectral width and S
between gas phase and monolayer phase may be explained by solid

state effects. We found that the convolution using the Voigt func-
tions shows a better agreement by assuming Sg=1.2 S, for each
18-vibrational modes (Sg: S for the film). If we use the instrumental
resolution of Wg=50 meV, the MMA does not agree with the mono-
layer spectrum (find in [30]). This analysis yields A(film)= 108 meV,
A®)(film) = Epgy(film) =54 meV at 49K as an example. The exper-
imental A(*)(film) is slightly larger than theoretical values of the
A*)(gas). The physical meaning in using a Lorentzian contribution
and difference of the Lorentzian contribution between monolayer
and gas UPS spectra must be considered in the future.

Instead of the MMA, we describe purely experimental estima-
tion of A\(*) (= Epo1), where we use only experimental values of
the vibration energy and satellite intensity within the available
experimental energy resolution, because the present theory can-
not explain the gas-phase spectrum perfectly and the MMA is not
so easy to handle for a large molecule. Here we call this method
as single mode analysis (SMA). Fig. 5 (in the top panels) shows
the analysis of angle-integrated UPS spectra of the PEN(ML)/HOPG
and the gaseous PEN by the SMA. The spectrum can be reason-
ably convoluted with the same four Voigt functions as used in the
MMA (Wg=62 meV, W= 83 meV for monolayer and Wg= 62 meV,
W= 20 meV for gas) with an energy separation (hv) of 167 meV
assuming a specific vibration mode and Sg=0.312 and Sg =0.264.
The SMA results give \(*) = E,;; =52 meV for the monolayer at 49K
and N =E,;; =44 meV for the gas. The difference to the MMA is
larger for gas phase, however the intensities of the vibrational pro-
gression follow Poisson distribution in this evaluation, which gives
an error less than 10% into A(*) for monolayer film systems. The
reorganization energy in the monolayer film is evaluated reason-
ably.
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Table 1
Physical parameters of charge-local phonon coupling obtained for pentacene (PEN) and perfluoropentacene (PFP) for gas-phase and monolayer films.
MMA SMA
Wg/meV W /meV S A(+)/meV W¢/meV W /meV hv/meV S A\(+)/meV
PEN ML 62 83 1.2Scq 54 62 83 167 0.312 52
PEN gas 62 20 1.15S 52 62 20 167 0.264 44
PFP ML 110 100 1.2Sca 129 110 100 173 0.710 123
PFP gas 110 20 1.15Scq 124 110 20 173 0.645 112

3.2. Perfluoropentacene (PFP):

In Fig. 6 we demonstrate results of the same analyses on
PFP(ML)/HOPG (at 53 K) and the gas-phase UPS (vaporized at 503-
563 K) obtained by Delgado et al. [53]. Similar to the PEN case
we found that the gas-phase spectrum cannot be reproduced by
the theoretical values and meaningful differences between mono-
layer and gas-phase UPS. We obtained A*)(film)= Ep,q(film) =129
meV for the monolayer at 53K (Wg= 110 meV, W= 100 meV,
Sp=1.2 Scy for 18 modes), while N*)(gas)=Ep, (gas)= 124 meV
for the gaseous by MMA (Wg= 110 meV, W= 20 meV, S¢g=1.15
Sca for 18 modes) (bottom panels). The theoretical values are A=
181-232 meV and A*) =, =91-117 meV [30,53]. By SMA, on the
other hand, we obtained N*)(film) = E,(film)=123 meV for the
monolayer (Wg=110 meV, Wy =100 meV, Sg=0.710, hv=173meV),
while A(*)(gas) = E,5(gas) =112 meV (W= 110 meV, W= 20 meV,
Sc=0.645, hv=173meV) for the gaseous, which represent a simi-
lar trend as for PEN. We note that the values by the simplest SMA
agree fairly well with the complicated MMA. The simplest method
of SMA with UPS implies that purely experimental values of A\(*),
Epor and N can be used in discussing the hopping charge mobility
without using any theoretical computation.

Physical parameters of charge-local phonon coupling obtained
by MMA and SMA for PEN and PFP are summarized in Table 1.
The A\ value of PFP is about two times larger than those of PEN
that is in agreement with the results of DFT calculations [30,53],
indicating that there is large impact of perfluorination on the
HOMO hole-vibration coupling and thus on the transport proper-
ties. Furthermore the \(film) values are obviously larger than those
estimated from gas-phase UPS and by theoretical calculation for
both PFP and PEN probably due to electronic coupling to the sub-
strate and neighbor molecules. This suggests that solid-state effects
must be considered for the determination of the electron (hole)-
vibration couplings, which is supported by the experimental results
that weak intermolecular and molecule-substrate interaction influ-
ence the vibrational spectra [55,56]. Note that the large difference
between the device mobilities of PFP and PEN involves also contri-
bution of the crystal structure difference of these molecular films
[57].

The present results also clearly demonstrate that change in the
wave function of HOMO by perfluorination is more critical for hole-
vibration couplings and related energy parameters than change
in vibration energies, although the substitution of H atoms with
heavier F atoms can diminish the vibration energies and thereby
contributes to reduce values of these parameters. The difference
in the HOMO distributions of PEN and PFP is not very large (see
insets in Figs. 5 and 6), but there is contribution of F2p orbital
to the PFP HOMO to result in slightly larger HOMO distribution
over the molecule. Such a small change in the HOMO yields a sig-
nificant increase in the HOMO hole-vibration coupling. This again
indicates that electron(hole)-phonon(vibration) coupling is more
sensitive to the wave function of the responsible electronic state
than the phonon energy. The state-of-the-art ARUPS experiments
on the orbital tomography can offer an image of the MO distribu-
tion [58-62]. Thus it would be very interesting to compare directly,
for example, the experimental HOMO distributions of PEN and PFP.

We have observed the UPS-fine features of various organic semi-
conductor films. A brief summary of the experimental relaxation
energies (= E,q) are shown in Fig. 7, where the A*) estimated
by SMA are plotted as a function of the inverse square root of
the molecular weight (M). Here, the A\(*) for the films were esti-
mated using the spectra recorded at 6= 0°, which may give a larger
error for A*) due to anisotropic angular dependence [4,29]. Nev-
ertheless, we can see clear correlation between the \(*) and the
size of the 7 electron system for oligoacenes (Acs) as has been
described in theoretical papers [5,12]. As found in eq. (2), how-
ever, the relaxation energy is basically proportional to the coupled
molecular vibration energy, indicating the mass of vibrating ele-
ments in the HOMO (LUMO) spread may be a reasonable guide
parameter to use for decreasing or increasing relaxation energy for
positive(negative) molecular charging through electron-phonon
coupling.

4. Future aspects

Before closing this short review on UPS fine features to access
the charge hopping property, let us compare the results in deeper-
lying states, in particular H-1. We investigated the structural and
electronic properties of PFP monolayer on Ag(111) substrates using
x-ray standing waves (XSW), x-ray diffraction and UPS [63]. XSW
results reveal a flat lying geometry of the monolayer PFP/Ag(111)
with a relatively large bonding distance of 3.16 A for both, the car-
bon and fluorine atoms, demonstrating weakened m-conjugated
plane-Ag(111) interaction. In many cases, m-conjugated molecules

Hel UPS (0° emission)
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Fig. 7. Updated experimental relaxation energy (A(*) =Epo) vs. 1/M% (M:
molecular weight) for various organic monolayer films. Results are for
oligoacene (Ac: pentacene, tetracene, naphthalene), perfluoropentacene (PFP),
rubrene, tetrafluoro- tetracyanoquinodimethane (F4,TCNQ), bis(1,2,5-thiadiazolo)-
p-quinobis(1,3-dithiole) (BTQBT), metal-phthalocyanine (MPc; M=H,, OV, OTi,
ClAl, Cu, and Pb), Cu-naphthalocyanine (CuNc), Cu-hexadecafluorophthalocyanine
(F16CuPc) and chloro(subphthalocyaninato)boron (BCl-subPc). Open symbols are
from gaseous-Acs (pentacene, tetracene, and anthracene), PFP, CuPc, and F4TCNQ.
Dashed lines are visual guides. HOMO band measured at normal emission (accep-
tance angle of 12 deg.) is fitted with Gaussian functions. Single normal mode analysis
(typically 150-170 meV) was considered to determine relaxation energy. Errors are
estimated from residual spectra. The SMA results for angle-integrated spectra (PEN,
PFP and rubrene) are also plotted by a thick symbol (indicated with #). Some data
are obtained from unpublished results.
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Fig. 8. Hel UPS of perfluoropentacene (PFP) films. (1) monolayer prepared on HOPG
and measured at 50K, (2) at 295K, and (3) monolayer on Ag(111) at 295K from
ref [63]. All spectra are recorded by VG-SCIENTA analyzer R3000 in angular mode
(integrated for 20 deg). The spectrum of PFP on HOPG (1) look slightly different with
that in Fig. 6 because the spectra in Fig. 6 was recorded in different analyzer system
[30]. The gas UPS spectrum by Delgado et al. (green curves) is cited from [53].

on Ag(111) show a relatively strong interaction and give a charge
transfer state [64-66]. The results indicate that fluorination of
pentacene significantly reduces the adsorbate-substrate interac-
tion, leading to rather weak interacting (physisorbed) system
on other metal surfaces [67,68]. Thus PFP/Ag(111) is a useful
prototypical system to investigate the electronic fine structures
with less electronic coupling as monolayers-on-graphite sys-
tems.

Fig. 8 shows the Hel UPS for PFP monolayer films prepared on the
HOPG and Ag(111) substrates to compare the intensity distribution
of vibrational fine features as well as the energy gap between the
HOMO and H-1. First we compare the vibronic fine features. In the
spectrum (3), HOMO and H-1 of PFP/Ag(111) exhibit distinctive
vibronic progressions even at RT (295 K). The width of HOMO band
profile is rather similar to the gaseous spectrum and very similar to
that found for PFP/HOPG at 50 K (spectrum (3)). More interestingly,
H-1 of PFP/Ag(111) is sharper than that of the PFP/HOPG at 50K.
We do not have enough data sets necessary for complete analyses
of the coupling intensity for this system, namely angle-integrated
spectra (by observing many angle-resolved data over a wide angle
range), though the difference between the HOMO and H-1 spectra
may be related to the solid state effects of orbital distribution on
the reorganization energy.

Second we remark the relative energy position of each MO
states. As seen in Fig. 8, energy difference between HOMO and
H-1, i.e. the energy gap is 1.24eV for gaseous and monolayer on
graphite,but 1.17 eV for monolayer on Ag(111). The reduction of the
energy gap at PFP/Ag(111) can be caused by changing the molecule-
substrate interaction, hence the study on the following subjects
would be interesting; study of (i) changes in the molecular struc-
ture upon the adsorption (e.g. deformation of molecular plane),
and (ii) dependence of the orbital distribution on the polarization
screening. Again the study on the orbital tomography for oriented
molecular films using ARUPS [58-62] is very interesting and the
study will raise an issue on the limitation of one electron approx-
imation for molecular solids. By adopting comprehensive study
on the orbital tomography and vibronic coupling distribution by
using state-of-the-art UPS technique, we may push further on the
knowledge on an electron in a functional molecular assembly.

5. Summary

Electron(hole) — phonon(vibration) coupling of the HOMO state
is studied by using high-resolution UPS for well-orderd ultra-thin
films. The reorganization energy and related coupling constants
associated with the interaction between holes and molecular vibra-
tions are demonstrated using MMA and SMA of the observed
vibronic satellite intensities of the PEN and PFP monolayers. The
results indicated that the purely experimental method with SMA
is useful for studying the reorganization energy and the charge
hopping mobility of organic systems.

Furthermore, we found that the reorganization energy of PFP
is significantly greater than that of PEN, which is ascribed to the
extended HOMO distribution of PFP by perfluorination of PEN.
The comparison with results derived from gas-phase UPS mea-
surements tells importance to realize measurements of gas-phase
spectra for large functional molecules by developing an efficient
gas-phase UPS apparatus with a high temperature sample cell.
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