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The evolution of the electronic properties of thin anthracene films on highly oriented pyrolytic graphite
[0001] substrates as a function of temperature has been investigated using ultraviolet photoelectron spectros-
copy. The change in the valence line shape with increasing substrate temperature has been univocally associ-
ated with the occurrence of different molecular orientations and structural phases (e.g., “flat-lying” mono- and
multilayer films and a multilayer phase with a “standing-up” orientation). These thin-film phases are charac-
terized by ionization energies varying up to 0.9 eV; the surface dipole and possibly to a minor extent polar-
ization energy contributions are shown to be related to the specific molecular packing/molecular orientation
and to the interplay between the molecule-molecule vs molecule-substrate interactions. Furthermore, for the
monolayer system, a vibrational fine structure of the highest occupied molecular orbital (HOMO) is clearly
revealed, thus allowing a detailed study of the HOMO hole-vibration coupling and the temperature-dependent
broadening. Showing a large number of recently discussed contributions to the valence line shape, anthracene
thin films emerge as “benchmark” systems to study the behavior of holes relevant for the charge transport in

organic electronic devices.
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I. INTRODUCTION

Over the last three decades, organic molecular semicon-
ductors have attracted increasing scientific attention due to
their interesting chemical, optical, and electrical properties.'
The possibility of processing large areas at low cost, light
weight, mechanical flexibility, and high degree of freedom in
molecular design, as ensured by the modern chemical syn-
thesis techniques, makes organic molecular semiconductors
suitable materials for the development of a wide range of
solid-state electronic and optoelectronic devices such as thin-
film field effect transistors,>™ photovoltaic cells,®” and light
emitting diodes.® Besides mainly application-oriented stud-
ies, considerable research efforts have therefore been de-
voted to understand the nature of charge transport mecha-
nisms in organic molecular crystals and thin films of varying
degrees of molecular order®!? as well to the electronic prop-
erties at the organic/metal interface.''~13

Organic semiconductors are characterized by weak inter-
molecular van-der-Waals interactions. Electronic states are in
most cases localized around the single molecules leading to
narrow (intermolecular) bandwidths as compared to their co-
valently bound inorganic counterparts and to a significant
charge-vibrational coupling. Accordingly, the charge transfer
is well described, at least at room temperature and in the
absence of a high degree of structural ordering, in terms of
thermally activated phonon hopping.'*!> Charges localized
at the femtosecond time scale experience the electronic po-
larization on neighboring molecules (infermolecular
polarization),'® the influence on the energy of the electron, or
the hole being strongly correlated with the local structural
environments in the bulk, at the surface, or at organic/
substrate interfaces.!”!8 In addition, the injection or creation
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of a charge in organic solids is accompanied by a strong
intramolecular geometric relaxation that is directly related to
the charge-vibrational coupling,'*! a key factor in determin-
ing the mobility in organic materials and for the occurrence
of superconductivity under peculiar condition.'®?° The study
of charge localization and relaxation effects is therefore of
prime importance for the understanding of charge transfer
mechanism and the energy level positioning in organic thin-
film structures and devices as well as for a correct interpre-
tation of corresponding spectroscopic data. In this context,
aromatic molecules with a simple chemical structure such as
linear oligoacenes (i.e., anthracene, tetracene, and pentacene)
play a major role since they function as model systems for
investigations of fundamental electronic properties and the
growth behavior of thin organic films, representing, at the
same time, some of the most promising organic materials for
technological applications.> In particular, a clear energy
splitting of 0.3 eV of highest occupied molecular orbital
(HOMO)-derived spectral feature has been observed in ultra-
violet photoelectron spectra(UPS) of anthracene and penta-
cene thin films and has been attributed to the difference of
polarization energies (P*) of surface and bulk
molecules.'721:?2 On the other hand, at the metal/organic in-
terface, an enhanced screening related to the presence of the
metallic substrate leads to further stabilization of the electron
and hole energies and to narrowing of the transport gap with
respect to the bulk value, as directly observed for the
pentacene/Au and related organic/metal systems.>>>* Varia-
tions in the ionization potential (IP) of organic thin films as a
function of the crystal structure® and of the molecular ori-
entation have also been reported;'® the interpretation is
mainly based on the dependence of P* on the orientation and
packing. Alternatively, according to recent experimental and
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FIG. 1. Evolution of the anthracene film UPS spectra in the (a)
and (b) cutoff and (c) molecular orbital regions as a function of the
substrate temperature. The spectrum of the HOPG substrate is re-
ported for comparison. The chemical structure of the anthracene
molecule is shown in panel (c).

theoretical results,?027 the observed large dependence of the
IP on the orientation has been attributed to differences in the
surface dipole built into the molecular layers basically origi-
nating from the different intramolecular bonds exposed at the
organic/vacuum interface. Despite the interpretative models,
the IP site dependence has been known to contribute, besides
the possible occurrence of band dispersion phenomena, to
the broadening of the UPS HOMO spectral width in organic
solids!718:23.24.26.27 \yith respect to the corresponding gaseous
counterparts. Since for free, large organic molecules, vibra-
tional progressions are sometimes observed, the charge-
vibrational coupling and the intramolecular structural relax-
ation energy can be studied analyzing UPS gas phase
spectra.!#2829 Ag for adsorbed molecules, vibrational satel-
lites have been observed for the HOMO of phtalocyanine
and pentacene monolayers on highly oriented pyrolytic
graphite (HOPG) (Refs. 30 and 31) and on a metallic
substrate.’? These results clearly demonstrate the possibility
of an effective study of the HOMO hole-vibrational coupling
even for the condensed phase revealing important details on
the origin of the intrinsic UPS line shape in organic thin
films and on the role of the molecule/substrate interaction in
governing the charge injection process.3!?

In order to shed light on the important issues addressed
above, a detailed study of thin anthracene films on HOPG
[0001] by UPS has been performed (see Fig. 1 for the sche-
matic structure of the anthracene molecule). By employing a
proper deposition/annealing strategy several structural phase
transitions have been observed, the film thickness varying
between mono- and multilayers. We are aiming to demon-
strate that one can indeed distinguish between individual
contributions related to the HOMO line shape, for the same
molecule on the same substrate. This is made possible be-
cause their relative importance varies strongly with the mo-
lecular orientation. For this reason, anthracene may again
become relevant for the understanding of thin-film electronic
properties it was about 30 years ago in the influential work
by Salaneck.!”
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II. EXPERIMENTAL

UPS measurements have been performed in a new dedi-
cated home-based setup, using unpolarized Hel photons
(hv=21.218 eV). Photoelectron spectra have been acquired
using a SCIENTA SES-100 hemispherical analyzer integrat-
ing over £6° with respect to the spectrometer lens axes. The
total instrumental energy resolution has been set to about 60
meV as indicated by the Fermi edge broadening of a sput-
tered copper surface. If not specifically indicated otherwise,
the UPS data have been acquired at normal emission (polar
emission angle #=0°). The vacuum level (VL) position has
been determined from the secondary electron cutoff, with the
sample being biased at -5 V.

The HOPG substrate of ZYA quality (MDC-NDT Europe)
has been cleaved in air just before introduction into the ul-
trahigh vacuum system (preparation chamber base pressure
of 2X 107! mbar) and annealed at 670 K for 12 h. The
cleanliness of the substrate has been verified by UPS. The
anthracene molecules have been inserted into a dedicated
UHV chamber (base pressure of 2 X 107! mbar); separated
from the preparation chamber by a gate valve, using a
custom-built, differentially pumped feedthrough. Prior to
deposition, the anthracene powder (Sigma-Aldrich, zone-
refined, >99%) has been degassed at 400 K for 3 h, followed
by a 12 h pumping cycle at room temperature. The anthra-
cene deposition has been performed with the molecules held
at about 295 K by opening the gate valve separating the
evaporator from the preparation chamber. During the anthra-
cene deposition the pressure in the preparation chamber re-
mained stable at 5 X 10~® mbar, being essentially the anthra-
cene partial pressure. The total exposure to the molecules has
been evaluated in Langmuirs (I L=10" mbar X s)

III. RESULTS AND DISCUSSION

Multilayer anthracene films (30 L of total exposure) have
been deposited onto the HOPG [0001] surface first, the sub-
strate held at 140 K, and then stepwise annealed up to 280 K.
UPS spectra as a function of substrate temperature, in the
[Figs. 1(a) and 1(b)] secondary cutoff and [Fig. 1(c)] mo-
lecular orbital region, as well as the data of the HOPG sub-
strate prior to deposition, are displayed in Fig. 1. The depo-
sition of anthracene molecules leads to significant changes in
the spectra, as compared with HOPG. In particular, a slight
shift of the VL position of 20 meV toward lower binding
energy is measured [Fig. 1(a)]. As shown in Fig. 1(b), the
intensity of a sharp peak, denoted as Gr(c*), at a binding
energy of 13.6 eV originating from the conduction band of
the HOPG [0001] surface is significantly reduced. Addition-
ally, several adsorbate-induced features appear in the binding
energy range of [1-10] eV [Fig. 1(c)] that are related, as
clarified in the following discussion, to anthracene molecular
orbitals.

Note that, as reported previously,'7?! the surface molecu-
lar mobility is reduced at low temperatures preventing nucle-
ation and the occurrence of an island growth mode, as gen-
erally observed in the case of planar molecules deposited
near room temperature on metallic and nonmetallic
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substrates.>>33 Under the hypothesis of such a homogenous,
layered growth a thickness of ~3 nm is estimated on the
basis of the attenuation of the Gr(o™) signal (at a kinetic
energy of 8 eV considering the biasing voltage) assuming an
electron mean-free path of ~2 nm.3*

Upon initial annealing (up to 200 K), a slight reduction in
the intensity of the adsorbate-induced features is observed
[Fig. 1(c)]. This decrease coincides with the increase in the
substrate-related peak Gr(o*) [Fig. 1(b)], while the VL posi-
tion remains unaffected by the thermal treatment [Fig. 1(a)].
These observations indicate the occurrence of a progressive
molecular desorption resulting in a reduction in the film
thickness. By annealing at higher temperatures (above 200
K), a strong variation in the spectral shape of the adsorbate
related features is observed [Fig. 1(c)]. Such variations in the
electronic properties are certainly related to structural and
morphological changes where details may be understood by
comparison with other published oligoacene systems*3 or as
an educated guess even if, as in our experiments, no direct
structural assignment is available.

Between 210 and 240 K, the VL position gradually in-
creases by 60 meV, accompanied by the appearance of a
peak at 14.8 eV, denoted as A [Fig. 1(b)]. Similar to the
substrate-related feature Gr(o*), such peaks close to the sec-
ondary electron cutoff originate from resonances above the
vacuum level experienced by the outgoing secondary elec-
trons. In analogy to pentacene,'® this peak may well originate
from a high density of states in the conduction band related
to a particular crystalline structure of the anthracene film.
Interestingly, raising the temperature between 210 and 240
K, the intensity of A follows the temperature while Gr(o™)
remains essentially unaffected. This indicates the absence of
any significant molecular desorption. At the same time, the
intensities of the molecular derived features vary only
slightly [Fig. 1(c)]. The peculiar evolution of spectra be-
tween 210 and 240 K can easily be interpreted in terms of a
standard phase transition during which all of the external
thermal energy is used in the progressing crystallization of
the new film structure thus quenching the occurrence of mo-
lecular desorption. In addition, most of the VL shifts (40
meV of the total increase of 60 meV) is observed at the
beginning of the crystallization process at 210 K. In this
context, it should be noted that such changes may result from
the average of the signals collected from regions character-
ized by different film morphologies and different VL posi-
tions. The presence of such coexisting regions is supported
by the UPS data reported in Fig. 1(c) where some of the
higher-intensity features of the low-temperature multilayer
phase are still visible in the 210 K spectra [as indicated by
dashed lines in Fig. 1(c)] and quenched with the progression
of the phase transition.

This “high-temperature multilayer” phase is evidently un-
stable upon additional further annealing due to the possible
occurrence of molecular desorption, as clearly indicated by
the suppression of A and the increase in Gr(o*), observed at
240 K [Fig. 1(b)]. At the same temperature, the VL position
shifts by 20 meV (up to the HOPG value), while the overall
intensity and the energy distribution of the anthracene related
peaks are newly modified with respect to the high-
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FIG. 2. (a) UPS spectra of the “flat-lying” multilayer (140 K),
“standing-up” multilayer (240 K), and monolayer anthracene phases
(260 K). The gas phase data (acquired at 60 eV, see Ref. 29) are
included for comparison. The gas phase spectrum has been aligned
with respect to the HOMO position of the “flat-lying” multilayer
film. The orbital character of the molecular features is indicated. (b)
UPS HOMO region as acquired for the different anthracene phases.
IP values are reported for each phase as well.

temperature multilayer crystalline phase. This step is consis-
tent with the disappearance of overlayers constituting the
multilayer film such that only a mono- or possibly a sub-
monolayer remains. More evidence will be discussed later.
Upon even further annealing, the intensity of the molecular
features is gradually suppressed with the temperature. In par-
ticular, at 280 K a complete recovery of the HOPG UPS line
shape is observed, indicating the complete desorption of an-
thracene molecules from the supporting substrate.
According to the UPS data reported in Fig. 1, the effect of
annealing on the electronic structure of the anthracene films
can be summarized by identifying three main temperature
ranges: [140-200 K], [210-230 K], and [240-260 K], where
different photoelectron emission line shapes related to par-
ticular film morphologies and structures are observed. For a
more detailed discussion, spectra acquired at 140, 230, and
260 K are plotted in Fig. 2(a) and have been selected to
discuss electronic properties of the low- and high-
temperature multilayer and monolayer phases, respectively.
The gas phase anthracene UPS valence-band spectrum is
shown for comparison.?®3> In order to derive the (o) mo-
lecular orbital character of the adsorbate-induced features,
gas and condensed phase UPS spectra have been aligned
with respect the HOMO peak position. Ionization potentials
have been derived as the energy difference between the
HOMO onset as indicated by the dotted lines in the magni-
fied HOMO scans of Fig. 2(b) and the corresponding
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vacuum level positions. As will be show in detail below, the
good correspondence to the gas phase data [Fig. 2(a)], beside
rigid shifts allows exclusion of the coexistence of various
regions characterized by a different local aggregation state
and distinguishable values of the intermolecular polarization
energy. Any variation in the shape and energy of the HOMO
line between the three phases shall therefore entirely be as-
cribed to properties related to a particular film morphology
and structure for each phase.

The HOMO line observed for the low-temperature
multilayer phase at 140 K [Fig. 2(b)] shows a small shoulder
at the low-binding-energy side. The occurrence of that fea-
ture may be explained in terms of different P* values as
experienced by the molecule at the surface (high-binding-
energy component) and in the bulk (low-binding-energy
component) of the thin film. In particular, the measured val-
ues of the energy splitting of 0.3 eV and of the IP of 6.2 eV
are perfectly coincident with those obtained for anthracene
thin films deposited onto polycrystalline gold substrates'’
where shifts related to differences between the surface and
bulk polarization energies have been suggested on the basis
of experimental data.'” If the splitting would be due to a
different P* for the surface and bulk, a similar energy sepa-
ration should be observed for all of the molecular features.
As claimed already above, however, this is not the case for
the present low-temperature multilayer phase, in view of the
good matching between the data for the gas and condensed
phases. The lack of polarization splitting for the high-
binding-energy features could be argued as related to the
low-intensity ratio between the surface and bulk components
[as visible in 140 K HOMO line of Fig. 2(a)], combined with
some broadening and a superposition of anthracene peaks
related to different orbitals. In order to test this hypothesis,
120 L of anthracene molecules have independently been de-
posited, with evaporation conditions similar to those em-
ployed for the 30 L film. The corresponding UPS spectra are
compared in Fig. 3(a). Importantly, increasing the film thick-
ness only affects the line shape of the HOMO where the
intensity of the low-binding-energy component is increased
for the thicker film. The energies of all features, on the other
hand, are not modified. The main point to note is that even in
the presence of a well-defined HOMO energy separation,
still there is no splitting observed for the high-binding-
energy components of the 120 L film. The HOMO splitting
shall therefore not be ascribed to the site dependence of the
polarization energy, P*. In this context, it is worth noting that
this result is consistent with conclusions derived recently
from high-resolution core level photoelectron experiments
performed on layered aromatic molecular materials. For the
thin films investigated, the absence of any appreciable sur-
face core level shift suggested a strong reconsideration of
surface polarization effects for the final state of the photo-
electron emission process.>® Note that a possible identifica-
tion of the HOMO low-binding-energy shoulder as signal
from a monolayer partially covering the surface is suggested
from the similar binding energy position [see 260 K spec-
trum in Fig. 2(b)] but shall be excluded from the thickness-
dependent spectra shown in Fig. 3(a). A monolayer may be
present in case of a “layer+island” growth mode. For such a
morphology, the signal from the monolayer is expected to be
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FIG. 3. (a) Comparison between the UPS spectra of anthracene
multilayer films at 140 K prepared with a different nominal expo-
sure (30 and 150 L). (b) Evolution of the UPS spectrum of the
low-temperature anthracene multilayer phase (30 L) as a function of
the polar emission angle 6. (c) Magnification of the HOMO region
of spectra reported in panel (b). The shadow area indicates the
dispersive behavior of anthracene-derived electronic states (see text
for further details).

reduced or at least stable when the islands grow larger, in
contrast with what is observed in the present case, thus al-
lowing to rule out this explanation. On the basis of the pre-
sented results a different, more suitable explanation for the
observed HOMO splitting should therefore be found consid-
ering the peculiar structural properties of the low-
temperature multilayer phase.

As shown in Fig. 2(a), the valence band of the extended
region supports the idea that the long axis of the anthracene
molecules in this low-temperature multilayer film is oriented
parallel with respect to the substrate surface (“flat-lying” ge-
ometry). The spectrum is in fact widely dominated by the 7
orbital contributions whose photoelectron emission cross
section at normal emission is enhanced for low photon inci-
dent angles with respect to the molecular plane,’’-3° the pho-
ton incident angle with respect to the substrate plane being
20° in our experimental configuration.
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As observed in the case of the “flat-lying” pentacene thin-
film structure with a herringbonelike molecular packing per-
pendicularly to the substrate plane,®* and also predicted for
many other pentacene polymorphs,*® an energy splitting may
well relate to the presence of two inequivalent molecules per
unit cell. According to this picture, the HOMO line shape
observed for the as-deposited anthracene multilayer film may
display the signature of electronic bands dispersing perpen-
dicular to the longer molecular axis originating form the 7
overlap between the molecules in adjacent molecular planes.
This idea is confirmed by the evolution of the UPS spectra
acquired at different polar angles 6 reported in panels b and
c of Fig. 3. A clear dispersive behavior of 7-derived states
[Fig. 3(b)] as well as of the HOMO centroid [Fig. 3(c)] is
observed. This result is consistent with the occurrence of
band dispersions (with a bandwidth of up to 0.3 eV) most
likely perpendicularly to the film surface, even if dispersive
contributions along the parallel direction cannot be excluded.
Note that in the case of the similar pentacene “flat-lying”
phase no significant HOMO dispersion has been observed by
UPS as a function of 6 but has been by changing the photon
energy at normal emission.>® This is a consequence of the
strong anisotropic out-of-plane character of the band disper-
sion. The occurrence of dispersions for deeper valence states
that are larger than for the HOMO has already been observed
in other layered organic films.*' Our observation confirms
the crucial role played by the molecular packing in determin-
ing the band dispersion in thin, crystalline organic films.

A very similar spectral intensity distribution is observed
for the film annealed at 260 K [Fig. 2(a)] that can accord-
ingly also be associated with a “flat-lying” phase. Remark-
ably, as shown in Fig. 2(b), the HOMO peak exhibits at least
three components equally spaced with 170 meV. This fine
structure originates from the HOMO hole-vibrational cou-
pling that can only be resolved for well-ordered, ultrathin
organic films.*?> Thus the present observation represents a
clear signature of the successful preparation of a well-
oriented and uniform anthracene film of monolayer (or pos-
sibly submonolayer) thickness. The appearance of the “flat-
lying” monolayer phase at temperatures above 240 K may be
naturally associated to desorption of overlayers of upright
standing molecules if the flat orientation is the most stable
structural form at this temperature. Like for other similar
oligoacene systems,'® it is very much possible that the layer
nearest to the substrate pre-existed already with a flat-lying
molecular orientation at all temperatures and that molecules
associated with this first layer did not tilt during the phase
transition between the low- and high-temperature multilayer
phases. This information cannot be obtained with the
surface-sensitive UPS technique.

The relative weight of the o and 7 orbitals is reversed in
the case of the high-temperature multilayer phase obtained at
an intermediate temperature of 230 K [Fig. 2(b)] indicating a
“standing-up” adsorption geometry; the long molecular axis
now nearly aligned along the surface normal. As already dis-
cussed from the analysis of the secondary electron region
[see peak A in Fig. 1(b)], this phase is characterized by crys-
talline ordering. In analogy to a similar pentacene
polymorph,'® the splitting and broadening of the HOMO-
derived spectral feature at 230 K may originate from dispers-
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ing bands as well. The present separation between HOMO
bands of about 0.5 eV equals to the value reported for an-
other “herringbone packed” thin-film phase of oligoacene
molecules.'®

Another important point relates to the strong variation in
the IPs in between the three phases related to the different
structures and film morphologies. In particular, a large reduc-
tion in the IP of 0.9 eV is observed at the transition from the
low-temperature to high-temperature multilayer phases asso-
ciated with the change in molecular orientation (from “flat
lying to “standing up”). The present observation may be ra-
tionalized, in principle, by invoking (i) a higher screening
contribution from the substrate,”>?* due to a progressing re-
duction in the film thickness as a function of the annealing
temperature, (ii) a different intermolecular screening contri-
bution, expressed as P*, related to the variation of the mo-
lecular packing,'®?3 or iii) differences in the built-in surface
dipole of the molecular layers basically originating from dif-
ferent orbitals exposed at the vacuum/organic interface, as
proposed only recently on the basis of photoelectron emis-
sion results and density functional calculations, for “flat-
lying” vs. “standing-up” oligothiophene phases.?® For large
polyaromatic hydrocarbons, these dipoles vary by up to 0.8
eV depending on the orientation.*3

While all of these three mechanisms are expected to be
present, only one of them might be dominant. Mechanism
(i), which commonly justifies a large IP thickness depen-
dence in the case of organic layers deposited onto metallic
substrate,?3?* does not explain the large variation observed in
the present data because of the relatively low dielectric con-
stant of the graphite substrate.**

Polarization energies for a large number of organic films
have been surveyed by Sato et al.?? to yield variations within
0.4 eV but are large only for a few very special cases. An
explicit dependence on the crystal structure of perylene of
0.3 eV (Ref. 25) may actually represent an upper limit for
any eventual molecular packing dependence of P*. Mecha-
nism (ii) shall therefore be ruled out to explain the IP change
of 0.9 eV as well. Consistently, the anthracene data may be
mainly understood on the basis of mechanism (iii). In par-
ticular, in analogy with a simple picture proposed for similar
7 conjugated molecules, in the “flat-lying” phase of anthra-
cene film the electron-rich (negative) 7 orbital side delocal-
ized over the molecular plane is exposed at the vacuum in-
terface thus determining a high value of the ionization
potential. Similarly, in the “standing-up” phase the positive
H side of the o C-H bond is responsible for a lower IP.
Furthermore, IPs within 50 meV similar for the low-
temperature multilayer (140 K) and monolayer (260 K)
phases [see the corresponding HOMO onset position in Fig.
2(b))] confirm the crucial role of the surface dipole in deter-
mining ionization energies and the energetic alignment at the
vacuum/organic interface. Our results represent therefore a
clear confirmation of the model put forward by Duhm et al.?
related to the built-in surface dipole for the determination of
the IP.

With the large variation in electronic properties of the
multilayer structures, and given also the rather simple chemi-
cal structure of the molecule, the anthracene/HOPG [0001]
system invites further theoretical investigations in this sense.
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FIG. 4. The normal emission HOMO UPS spectrum of the
anthracene/HOPG [0001] monolayer measured at 140 K, after sub-
traction of a smooth background, compared with the gas phase
spectrum (Ref. 28). The gas phase spectrum has been aligned with
respect to the HOMO position of the monolayer film measured at
140 K.

At the same time, the successful preparation of well-defined,
“flat-lying” anthracene monolayer thin films at 260 K, as
indicated by the HOMO fine structure [Fig. 2(b)], opens the
possibility to study, by comparison with similar systems,3!
the role of the molecule-substrate interaction in influencing
the intramolecular relaxation at the interface, charge injec-
tion, and transport mechanism in devices.*> In particular, by
considering the flat adsorption geometry, the -7 interac-
tions between graphite and molecules can also be considered
to be representative of the situation occurring in the bulk of
oligoacene materials.’!

The evolution of the HOMO line shape of the monolayer
phase has been studied as a function of the substrate tem-
perature (260 and 140 K). In Fig. 4, the HOMO line shape of
the anthracene film cooled at 140K is shown and compared
to the corresponding gas phase data (acquired with 60 eV
photons?®) after a proper subtraction of a smooth back-
ground. The spectra have been aligned with respect to the
position of the maximum of the first vibrational peak. As
already pointed out in the discussion above, the HOMO line
shape of the monolayer anthracene film results from the su-
perimposition of at least three different components that are,
in analogy with the corresponding gas phase results, associ-
ated with vibrational levels of the ionized state reached in the
direct transition between the ground and final states of the
photoelectron emission process.? These satellites are related
to the intramolecular coupling of the photohole to C-C
stretching modes and indicate the persistence of a molecular
character in the anthracene monolayer. Any modifications, in
terms of energy separation and relative intensity of the vibra-
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tional satellites, as compared to the corresponding gaseous
counterparts, can essentially be ascribed to be caused by the
molecule-substrate interaction, as previously discussed for
the case of pentacene/HOPG [0001] on the basis of
experimental®' and theoretical studies.*> Different to the pen-
tacene film, a perfect matching of the energy separation of
main satellites of 174 meV of the gas phase and monolayer
spectra indicates clearly the reduced effect played by the
HOPG substrate in influencing the geometrical intramolecu-
lar relaxation. This conclusion is further supported by the
observation of only a very small angular dependence in 6 of
the intensity ratio of the vibrational satellites (within 10% of
the integrated value, spectra not shown) for angles of up to
45° from normal such that the Franck-Condon principle is
fulfilled. The angular dependence is similar for both tem-
peratures (260 and 140 K),

The vibrational progression of the HOMO line has been
simulated using three Voigt components, with the energy
separation kept fixed at the gas phase value (hv
=174 meV). In order to take into account the slight angular
dependency and to reduce the uncertain in the deconvolution
procedure, spectra at different angles have been summed up
and deconvoluted. In case of harmonic oscillators, the inten-
sity of vibrational satellites follows a Poisson distribution,
1,=S"e75/n!, where I, are the intensity of the nth vibrational
satellite and S is the Huang-Rhys factor.'* According to this
model, the intramolecular reorganization energy, A is given
by N=2Shv. The results obtained in this way for the mono-
layer at 260 and 140 K are reported in Figs. 5(a) and 5(b),
respectively. For both temperatures, the angle-integrated
spectra are well reproduced by adjusting the Gaussian (W)
and Lorentzian (W;) contributions to the broadening, using
three components. Finally, a Huang-Rhys factor value S of
0.430 is derived.

As with regard to the Voigt-like line shape of individual
vibrational components, Gaussian and Lorentzian contribu-
tions vary with the substrate temperature. Contributions due
to a Lorentzian broadening are minor and increase only
slightly from 74 to 85 meV with the temperature. A pro-
nounced Lorentzian-like low-binding-energy tail is absent,
indicating a long lifetime of the photohole that does not de-
localize to the substrate on the time scale of a few
femtoseconds.?!*? Gaussian contributions increase from 140
meV at 140 K to 160 meV at 260 K. A broadening on the
low-binding-energy side with temperature, as observed here,
may possibly be attributed to a “hot band” excitation, related
to a transition from a thermally excited initial state to the
lowest vibrational level of the ionized final state. Alterna-
tively, the high value of Wy itself and its increase with the
temperature may be ascribed to an increase in dynamic dis-
order given the high mobility of the anthracene molecules.
At both temperatures, the estimated value of the intramolecu-
lar reorganization energy A of 150 meV is very close to the
gas phase value (140 meV), at variance with observations for
pentacene/HOPG [0001].3! Finally, the stability of the
HOMO line shape is consistent with the absence of structural
transitions®! within the investigated temperature range, al-
though they still may occur at lower temperatures.

This result for the anthracene monolayer film, as well as
the conservation of the gas phase vibrational energies, is
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FIG. 5. Deconvolution of the angle-integrated HOMO UPS
spectrum (dots) of the anthracene monolayer measured at (a) 260
and (b) 140 K with three components (gray lines). See text for
details.

fully consistent with a reduced interaction as compared to
pentacene molecules that interact stronger with the HOPG
[0001] surface. This is expected since the anthracene mono-
layer desorbs at much lower temperatures than pentacene.
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IV. CONCLUSION

In this paper, a detailed UPS investigation of anthracene
mono- and multilayers on HOPG [0001] is reported. This
work is proof that individual contributions to the HOMO line
shape, for the same molecule on the same substrate, can be
distinguished indeed. In particular, the electronic properties
of each phase have been discussed with particular attention
devoted to the role of the molecular orientation
(“standing-up vs “flat-lying”) and structure in determining
the ionization potential, band dispersions, and on-site ener-
gies due to inequivalent molecular sites. The latter is argued
to be responsible for a splitting in the low-temperature “flat-
lying” multilayer phase instead of surface-bulk shift due to
different polarization energies. The data suggest that the role
played by the surface-bulk shift in determining the HOMO
line shape of organic thin films has to be reconsidered. On
the other hand, a strong variation in the ionization potential
with the molecular orientation by 0.9 eV cannot be explained
by the dependence of the polarization energy on the aggre-
gation state but is consistent with the recent idea of the role
of the surface dipole at the vacuum/organic interface for the
ionization process, important for at least some layered or-
ganic materials.

For the “flat-lying” monolayer, the HOMO vibrational
fine structure is clearly revealed. The HOMO hole-vibration
coupling and the intrinsic line broadening could be studied,
confirming the crucial role of the molecule-substrate interac-
tion strength for the intramolecular geometrical reorganiza-
tion energy in weakly adsorbed thin aromatic molecules and
of dynamic disorder for the broadening of hole energies.

Due to a marked temperature-dependent polymorphism of
thin-film phases on graphite substrates combined with simple
chemical and electronic structures of the anthracene mol-
ecule, a wide range of mechanisms determining transport
properties of individual charge carriers can be studied. The
recently renewed debate about exactly those mechanisms
shows that the physics of organic thin-film materials em-
ployed in organic electronic applications is a hot topic in-
deed.
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