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ABSTRACT: Thickness and substrate dependence of film
growth, morphology, unit-cell structure, and electronic
structures was thoroughly investigated for picene, the zigzag
connected 5-ring molecule, by employing complementary
techniques of in situ real-time X-ray reflectivity/diffraction, in
situ electron spectroscopies, and atomic force microscopy. A
different kind of thickness dependent structural transition was
observed on SiO2 and graphite, resulting in a distinct
electronic structure. On SiO2 picene films with 3D crystalline
domains are formed with nearly upright molecular orientation
from the initial growth stage. With increasing the film
thickness the in-plane dimensions of the unit cell in the
initially grown domains become smaller (in other words, more
compressed), and, at the same time, crystalline domains with a more relaxed structure are nucleating on top of the compressed
domains. In spite of such structural changes, the electronic structure, namely energy position of the highest occupied molecular
orbital and threshold ionization potential (IPT), is not significantly altered. On graphite, on the other hand, we found a transition
from a 2D (layer) to a 3D (island) growth mode with a variation of the molecular orientation from flat-lying to tilted one. The
IPT changes significantly between the 2D and 3D growth regime in contrast to the SiO2 system. The origin of the different IPTs
of these picene thin films is discussed. The present results are compared with other planar π-conjugated compounds, in particular
pentacene which is a structural isomer of picene and shows electronic properties strongly different from picene thin films.

■ INTRODUCTION

For the past few decades organic semiconductors (OSCs) have
attracted considerable attention owing to their applications in
different device categories, such as organic light-emitting
diodes, organic photovoltaic cells, and organic thin-film
transistors (OTFTs).1−4 Nowadays, it is generally known that
the precise control of film structure, namely, molecular
packing/crystal structure and film morphology, as well as the
electronic structure of OSCs is a prerequisite for obtaining
excellent charge transport properties in those devices.4−15 For
example, a hole mobility of 1−50 cm2/(V s) in single crystals of
pentacene and rubrene is drastically decreased to ∼10−5−10−6

cm2/(V s) in amorphous thin films applied in OTFTs.16−19

So far, significant efforts have been put into controlling the
film growth and structure by modification of the substrate
surface and tuning of growth conditions, such as growth
temperature and deposition rate.5−7,20,21 Compared to
inorganics, the difficulty of controlling the film growth and
structure of OSCs stems intrinsically from the structural
anisotropy of the OSC molecules, large orientational degrees of
freedom, and also from the subtle interplay between
intermolecular interaction and substrate−molecule interaction.
All of these concepts impact the film growth, crystallization,
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and the resulting electronic structure of organic thin films.6

Thus, fundamental studies were extensively conducted to
understand the film-growth-related properties by employing X-
ray scattering techniques, microscopy methods and electron
spectroscopies.6,7,19−27 However, the guideline to control those
film properties from the viewpoint of the chemical structure of
OSCs is not established in sufficient detail because of the lack
of understanding the impact of different molecular symmetry
on the film properties.
Here, we study the film growth, morphology, unit-cell

structure, and their correlation to electronic structure of picene
(C22H14, Figure 1a) thin films grown on SiO2 and highly

oriented pyrolytic graphite (HOPG) surfaces by X-ray
reflectivity (XRR), grazing incidence X-ray diffraction
(GIXD), two-dimensional GIXD (2D-GIXD), ultraviolet
photoelectron spectroscopy (UPS), metastable atom electron
spectroscopy (MAES), and atomic force microscopy (AFM).
Picene is an isomer of the prototypical OSC pentacene (Figure
1b) and has a zigzag shape (symmetry: C2v) in contrast to the
linear shape of pentacene (symmetry: D2h). Their distinct
shapes lead to largely different physical and device properties:
(1) Picene has a molecular dipole moment (0.035 D) along the
short molecular axes (Figure 1c). (2) The optical band gap of
picene is 3.31 eV, which is extremely high compared to
pentacene (1.85 eV), originating in the different size of the π-
conjugation systems.28,29 (3) Picene single crystals doped with
alkali metals show superconductivity at 18 K.30 (4) A
functionalization of the chemical structure is also possible,
like alkyl-substituted picene, which has recently shown the
highest hole carrier mobility in OTFTs of ∼21 cm2/(V s).31 (5)
Picene-based OTFTs possess an oxygen gas sensing
property.29,32 (6) The experimentally determined width of
the energy band dispersion of the single crystals are ∼0.4 eV

(pentacene) and ∼0.2 eV (picene).11,14,33 Regarding film
structures, it is observed that both picene and pentacene
form crystalline domains with upright standing orientations (S-
orientation) on weakly interacting substrate surfaces, such as
SiO2.

34,35 However, compared to pentacene thin films, the
growth and structure and the resulting electronic structure of
picene thin films were not extensively studied. Both SiO2 and
graphite surfaces are regarded as model inert surfaces to give a
distinct film growth and molecular orientation for larger planar
π-conjugated molecules. In situ and real-time XRR and (2D-
)GIXD measurements can provide detailed information on film
growth and crystal structures. Particularly, we address the
structural transition of crystalline domains of picene during thin
film growth. UPS and MAES are used to determine the valence
band electronic structure of picene thin films. Different from
UPS, MAES uses metastable He atoms as probes, which do not
penetrate into the bulk of a solid, to enable the observation of
the outermost surface electrons selectively and gives direct
information on the orientation of the top molecular layer.36,37

Therefore, the combination of UPS and MAES is also able to
provide information on film growth and morphology, which is
in particular useful for the HOPG systems.

■ EXPERIMENT
Picene (purity: 99.9%) purchased from NARD Co Ltd. was
used without further purification. For the substrates, Si(100)
wafers covered with native oxide [root-means-square (rms)
surface roughness is 0.3 nm, and thickness of SiO2 is 1 nm,
obtained by fitting XRR data with the MOTOFIT38 by
applying the Parratt formalism] and/or ZYA-grade HOPG were
utilized. Before film growth the SiO2 substrates were cleaned
ultrasonically with acetone, isopropyl alcohol, and ultrapure
water, followed by heating to 700 K in the ultrahigh-vacuum
(UHV) growth chamber (base pressure: ∼10−8 Pa), while the
HOPG substrates were cleaved ex situ and heated at 673 K for
24 h in the UHV chamber. The cleanness of the substrate
surface was confirmed by measuring either XRR or UPS. On
these substrates, we grew picene thin films and conducted the
following in situ measurements, except AFM measurements, for
which ex situ samples were used.
All the X-ray scattering experiments were performed at

beamline ID10B39 at the ESRF in Grenoble (France), using a
home-built portable UHV chamber40 at a wavelength of 0.925
Å. On the clean SiO2 surface, thin films of picene were prepared
by organic molecular beam deposition at a substrate temper-
ature of 303 K.5,6 During the growth, we conducted real-time
measurements of XRR and 2D-GIXD with an accumulation
time of 1.5 min for XRR and 1 min for 2D-GIXD. For XRR and
postgrowth GIXD we used a scintillation counter (Cyberstar),
while a MarCCD area detector was used for 2D-GIXD. The
deposition rate was set to 0.2−0.3 nm/min monitored by a
water-cooled quartz crystal microbalance calibrated by XRR.
For 2D-GIXD the angle (θ) of incidence relative to the sample
surface was 0.10°. Lower limits of the in-plane coherent crystal
sizes ls were determined by the Scherrer formula ls = 2π ×
(fwhm)−1 × 0.9394 × Ks, where Ks = 1.0747 is the Scherrer
constant for spherical grains and fwhm is the full-width half-
maximum of the peak (in Å−1) determined with a Gaussian fit-
function.41 The instrumental broadening of the diffractometer
was not included in the calculation; therefore, only lower limits
of ls are given.
He I UPS and MAES were carried out using a home-built

UHV system equipped with a PHOIBOS-HSA100 analyzer

Figure 1. Chemical structure of picene (a) and pentacene (b). (c)
Permanent molecular dipole moment (P) (0.035 D) of picene
calculated by density functional theory [B3LYP/6-311G**] using the
Gaussian 03W software package. Projection of unit cell structure from
c-axis (d) and b-axis (e) and definition of an angle γ. P is canceled out
in the single crystal unit cell.46
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(energy resolution was set to be 60 meV and a photoelectron
acceptance angle of ±9°).37 After cleaning the SiO2 and HOPG
surfaces, picene was deposited independently on those
substrates kept at 295 K (deposition rate: 0.1−0.2 nm/min
measured with a water-cooled quartz microbalance close to the
substrates). After each deposition He I UPS and He*(23S)
MAES experiments were carried out in situ in the analysis
chamber under a measurement geometry with a light incident
angle of 45° and an electron emission angle of 0° (normal
emission) for UPS and of 30° for MAES. A detailed description
of the MAES technique can be found in ref 36. During the UPS
data collection a sample bias of −5 V was applied to the
substrate to obtain the secondary cutoff (SECO) energy.
He Iα UPS measurements were performed independently

using an ultrahigh-sensitivity UPS apparatus with a hemi-
spherical electron energy analyzer (MBS A-1) and a
monochromatic He light source. The details of the apparatus
are described in refs 42 and 43. All the He Iα UPS spectra were
measured at normal emission with an acceptance angle of ±18°
and a bias of −5 V. The energy resolution of the UPS system
was set to 30 meV.
AFM measurements of the picene/HOPG systems were

conducted in tapping mode under atmospheric pressure at
room temperature, using S-image system (SII NanoTechnol-
ogy). The AFM tips used here were SI-DF20 (Hitachi High-
Tech Sci. Corp.), and the resonance frequency was 133 kHz.

■ RESULTS AND DISCUSSION
Picene on SiO2/Si Wafer. The real-time XRR results of

picene/SiO2 system are shown in Figure 2a. Increasing the
deposition time, in other words, increasing the film thickness
(d), results in a monotonic evolution of the (001) Bragg peak at
qz = 0.465 Å−1 (qBragg), which corresponds to a lattice constant
of 13.5 Å, demonstrating the formation of crystalline domains
with S-orientation. Figure 2b shows the intensity variation at
half of qz of the Bragg peak ((1/2)qBragg), which is the so-called
anti-Bragg point, and also rms surface roughness estimated by
fitting of XRR data in Figure 2a. According to the established
real-time scattering formalism, the layer-by-layer growth shows
intensity oscillations at (1/2)qBragg, and the roughening of the
thin films reduces the amplitude of the oscillations.44 In Figure
2b, the reflectivity at (1/2)qBragg decreases until ∼5 nm without
any oscillation and then stays almost unchanged. This result
reflects a strong roughening of picene thin films with no
wetting layer formation, as predicted before by ex situ AFM
measurements.45 The strong roughening is also seen
quantitatively in Figure 2b. The roughening, determined from
the Kiessig oscillations, starts at around 3 nm similar as
concluded from the anti-Bragg-point intensity.
Next, we focus on a transition of the in-plane unit cell

structure observed via (2D-)GIXD. Figure 3a shows the real-
time intensity evolution of GIXD patterns at the specular
condition (qz = 0.02 Å−1) obtained from real-time 2D-GIXD
images. Also, the final image of the 2D-GIXD is shown in
Figure 3b (right) with the postgrowth XRR result (left).
Indexing of the diffraction peaks in Figures 3a and 3b was done
according to a previous report referring to the unit cell of single
crystals (see Figures 1d and 1e).46 In Figure 3a four Bragg
peaks, i.e., (110), (200), (210), and (020), are observed and
become more intense until a critical d of ∼8 nm. Above ∼8 nm
it is seen that the (200) and (210) reflections shift gradually to
higher qxy values, and at the same time new diffraction peaks
appear at lower qxy values. These results demonstrate the

thickness dependent structural transition of picene thin films
during growth. The initially grown crystalline domains change
their in-plane unit cell structure and at the same time crystalline
domains having a different in-plane unit cell structure grow.
Here, we denote the initially grown crystalline domains with I,
and the later grown ones showing the (200) and (210) peaks at
higher (or lower) qxy as H (or L). A postgrowth 2D-GIXD
image in Figure 3b exhibits crystal truncation rods along the qz
direction only for domains L, indicating the coherent ordering
of the domains L along the qz direction.
The appearance of the domain L above ∼8 nm shows that

the growth of the domain L on top of the domain H that
originates from the structural transition of domain I. To verify
this, the θ (incident angle) dependent-specular GIXD measure-
ments in the (200) and (210) q-region were conducted.
Variation of θ tunes the detection depth of GIXD either more
to the surface (at lower θ) or more to the bulk regime (at
higher θ) because the penetration depth of the evanescent X-
ray field changes with θ [penetration depth ∼ λ/{2π(θc

2 −
θ2)1/2}, where λ is the X-ray wavelength and θc is the critical
angle for the total reflection].47,48 The results are shown in
Figure 4, where the intensity is normalized to that of the
domain L. It is clear that the diffracted intensity derived from

Figure 2. (a) Real-time XRR of picene thin film grown on SiO2
showing the (001) Bragg reflection. (b) Intensity evolution at (1/2)
qBragg and rms surface roughness at each d extracted from (a). For the
roughness estimation reliable fitting results were obtained only up to d
≈ 16 nm due to the high roughness above this thickness.
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the domain H increase with increasing the θ. This result clearly
indicates that the domains L are located at the surface region in
the picene thin films, as considered above. A coherent island
size ls, which was estimated using the Scherrer formula, is 15.7
nm for domain L (top domain) and 17.6 nm for domain H
(bottom domain).

The thickness dependent structural transition in the picene
thin films is mainly probed by the (200) and (210) reflections,
suggesting a prominent change of a-axis in the in-plane unit
cell. To discuss the change quantitatively, we simulated the four
diffraction positions of domain I, H, and L depicted in Figure
3a based on a monoclinic structure with a least-squares fitting
routine (see ref 35). The results are summarized in Table 1,

where the corresponding unit-cell parameters of the picene
single crystal structure are also listed.46 From Table 1 it is clear
that the a-axis varies strongly by 8.11, 7.96, and 8.33 Å for
domains I, H, and L, while the b-axis is almost identical, 6.23−
6.24 Å. γ is close to 90° within a deviation of 1° for all the
domains and also the single crystal. The structural transition of
domain I to domain H induces the shrinking of the a-axis, while
the relaxed domain L grows on the stressed domain H. These
results are summarized schematically in Figure 5.

Thickness dependent structural transitions have been
reported for several OSCs on SiO2 (or even on organic
monolayers) and were discussed as one of the critical factors for
film growth of OSCs.40,48−53 As the reason for the transition,
Hayakawa et al. have argued that the transition is induced by
internal strain in the crystalline layer domains due to the
presence of the substrate, and this strain is released with
increasing d.52 Furthermore, it was indicated that the presence
of the strain causes the transition of growth mode from layer-
by-layer to islands, i.e., Stranski−Krastanov growth mode.54

However, our experimental results suggest that the existence of
the strain in organic thin films is not always related to the 2D−
3D growth transition, as picene grows with 3D islands with
strain from the initial growth stage. As far as we know, picene is
the first OSCs that show the structural transition upon the 3D-
island growth mode.
Below, we discuss the impact of the structural transitions on

the electronic structure of picene/SiO2 systems. Figures 6a and
6b show the d dependence of UPS and MAES spectra. The

Figure 3. (a) Intensity evolution of GIXD of picene/SiO2 systems
taken from an image sequence of real-time 2D-GIXD. At the bottom,
GIXD diffraction patterns at d = 8 nm (red) and d = 28 nm (green),
which corresponds to thicknesses before and after the structural
transition (see main text). Peak positions of the different domains are
marked with + for domains of I, × for domains of L, and △ for
domains of H. (b) The postgrowth XRR (left) and 2D-GIXD pattern
(right).

Figure 4. θ-dependent intensity of (200) and (210) diffraction peaks.
L and H peaks correspond to domains L and H, respectively.

Table 1. In-Plane Unit Cell Parameters of Domain I, H, and
L and Also Single Crystals46

a (Å) b (Å) γ (deg) in-plane area (Å2)

domain I 8.11 6.23 89.56 50.52
domain H 7.96 6.24 89.36 49.64
domain L 8.33 6.23 90.28 51.89
single crystal 8.480 6.154 90.46 52.18

Figure 5. Schematics of the structural transition and in-plane unit cell
structure of picene domains on SiO2.
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lateral axes are binding energy (EB) with respect to the Fermi
energy of an Au substrate, which was determined before and
after the measurements for the energy calibration. A sharp
feature (∗) in Figures 6a and 6b may be attributed to the high
density-of-states of conduction bands of the picene thin films,
as the same analogue to that reported for acene thin films with
up-right standing orientation and high crystallinity.23 Very
broad features in the substrate spectra of UPS and MAES are
ascribed to the nonbonding states of the O 2p orbitals of SiO2
surface (O 2p) and the σ(Si−O−Si) bonding state.55 With
increasing d, the intensity of the substrate features decreases
gradually but still remains visible even at 8.0 nm, which is much
larger than the detection depth of UPS and MAES. UPS can
detect inelastic photoelectrons coming from the outmost
surface to a depth of ∼1 nm, while MAES detects only
electrons from the outermost surface.37 This finding is in line
with the growth scenario deduced from X-ray scattering
experiments, i.e., picene grows in 3D domains without a
wetting monolayer formation; otherwise, the formation of the
monolayer (1.35 nm) should suppress the substrate features
completely at d > 1.35 nm.
Figures 7a and 7b show the expanded SECO and top band

region of UPS in Figure 6a. Because of the 3D-island growth
mode, photoelectrons from the substrate are contained in the
thin film spectra (see Figure 6a); therefore, we subtracted the
substrate contribution from the thin film spectra, and the
results are redrawn in Figure 7c, together with UPS spectrum of
a picene single crystal measured with the same configuration as
shown in ref 33. For the subtractions the substrate spectrum
was multiplied to fit the tail-like intensity seen below an energy
of the threshold of the top band for each picene spectra in
Figure 7b (see the example of the 0.6 nm spectrum). In
contrast to the clear observation of the structural transitions, we

found only tiny changes in the UPS spectra dependent on d. In
Figure 7a, the SECO position initially at EB = 17.09 eV
decreases gradually, and the total shift (Δ) is −0.06 eV at 20
nm. All thin film spectra in Figure 7c resemble the single crystal
(see the top spectrum). The onset energy position of the top
band of the thin films is 1.42 eV independent of d. Accordingly,
the threshold ionization potential (IPT) of picene films, which
is calculated from the SECO and onset position of the top
band, is 5.56−5.61 eV in the present d range. The IPT of 5.5 eV
is also reported previously.29 These results indicate that the
electronic structure of picene thin films is not altered
significantly by the structural transition.
Previously, Gottardi et al. have studied film morphology and

growth of picene thin films fabricated by supersonic molecular
beam deposition method. They observed screw-type disloca-
tions on the surface of picene domains and the dislocations
increased with increasing the film thickness.56 Consequently,
the density of terraces and the number of defects sites were also
increased. Regarding such and further defects of OSC thin
films, on the other hand, it was discussed by UPS studies that
the structural defects induce gap states, which were observed as
exponential tailing of the molecular top band reaching to the
Fermi level in addition to Gaussian tailing near the top
(HOMO) edge.57,58 To discuss this point also for picene thin
films, i.e., the structural defects induced gap states, we
investigated the gap state region of picene thin films (d = 20
nm) on SiO2 by means of ultralow background, monochrom-
atized UPS.42,43 The results are shown in Figure 8, where the
photoemission intensity at the vertical axis is converted to
density-of-states (DOS) according to the refs 57 and 59. The
high sensitivity of the present measurement is demonstrated for
the SiO2 spectrum, where the gap states near the Fermi level
are clearly observed. In comparison, the thin film spectrum of
picene shows only a much smaller density of gap states. At a

Figure 6. He I UPS (a) and MAES (b) spectra of picene/SiO2 systems
as a function of d.

Figure 7. d dependent SECO (a) and top band region (b) in He I
UPS spectra extracted from Figure 6a. (c) Redrawn of top band
spectra after subtraction by the substrate spectrum. The top spectrum
is that of the single crystal of picene taken from ref 33.
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film thickness d of 20 nm mostly domain L is expectedly
present at the surface. We may therefore conclude that
dislocations associated with domain L do not cause an increase
in the gap state density.
In line with the previous reports based on ex situ AFM, we

found a 3D-island growth mode from initial stages in the
present experiments.45,56 In this study we newly observed a
complex structural transition from the initial film growth of
picene; the domain I changes to domain H, and domain L
starts to grow, presumably on top of domain H. While all kinds
of the domains consist of molecules with S-orientation, the in-
plane unit cell length of the domain H is reduced along the a-
axis, while for the domain L it is increased with respect to the
domain I. It was expected that the structural transition may
influence the electronic structure of picene thin films. However,
as investigated by UPS, no clear change in the SECO, the onset
of the top band, and the IPT were observed. In this regard, the
picene thin films seem to have rather different growth
properties compared to pentacene thin films. Pentacene also
forms thin films on SiO2 with S-orientation from initial growth
stages. However, pentacene can wet the SiO2 surface
completely and exhibits a change in growth mode from 2D
to 3D.34,60,61 X-ray scattering experiments have revealed that
for the first monolayer and multilayers the in-plane unit cell
structure varies, and even in the multilayer regime pentacene
shows a structural transition known as polymorphous of thin
film phase and bulk phase.34,51,62 Thickness dependent UPS
measurements reflect such complex structural changes.
Fukagawa et al. showed that the first monolayer of pentacene
has broad top band features.23 For thicker films the top band
shape is split due to the formation of energy band dispersion in
the crystalline domains, which could be attributed to the thin

film phase.23,63 Yoshida et al. investigated the valence top band
of the bulk phase by preparing a very thick (d = 250 nm)
pentacene film and obtained spectral shape distinct from the
thin film phase due to a large difference in their unit cell
structures.11 Both the spectral shape of the thin film phase and
bulk phase including energy band dispersion could be realized
even in one monolayer if appropriate substrate surfaces are
chosen.23,64,65 In this regard, it is understood that the electronic
structure does not depend on d and is determined by the
crystallinity, packing structure, and molecular orientation,
except energy level alignment issues (formation of interfacial
dipole), which could be avoided by using an inert surface, like
in the case of SiO2 and HOPG. Actually, the isotropic
compound fullerene (C60) exhibits nearly identical UPS
spectra for uniaxially ordered and nonordered thin films except
for the interface to the underlying substrates.27,66 Taking this
consideration into account for the present UPS results in
Figures 7, it is concluded that the structural transitions among
the domains I, H, and L do not have a large impact on the
electronic structure of picene thin films because of their high
crystallinity, identical S-orientation, and similar unit-cell
structure. Unlike pentacene, we suppose that those domains
are basically not polymorph and result from stress driven
internal rotations of picene molecules in the unit cell.

Picene on HOPG. Figures 9a and 9b show the d
dependence of UPS and MAES spectra of picene thin films

on HOPG. In MAES, the signal of the conduction band of the
graphite at EB = 12.2 eV (Gr[σ*]) is barely observed at d = 0.3
nm, while the corresponding band remains visible in UPS. This
demonstrates that the substrate surface is almost fully covered
by the picene molecules at 0.3 nm because He* atoms do not
penetrate into the bulk of the solid and instead selectively excite
electrons at the outermost surface.37 It also means that the film
growth is rather different to the picene/SiO2 system, which
exhibited a strong 3D island growth, requiring very thick films

Figure 8. He Iα UPS spectra in gap state region of picene thin films (d
= 20 nm) on SiO2 and the bare SiO2/Si substrate measured by the
ultralow background, monochromatized UPS apparatus.42,43 Fitting
curve of the top band after the subtraction of substrate background is
obtained by using series of Gaussians. DOS in the vertical axes is
calculated according to refs 57 and 59. DOS at HOMO band edge in
an intensity linear scale (Hedge) is 1.1 × 1021 states eV−1 cm−3.

Figure 9. He I UPS and MAES spectra of picene/HOPG systems as a
function of d: all region for UPS (a) and MAES (b). The sharp feature
Gr[σ*] stems from the conduction bands of the graphite surface.
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(d ∼ 20 nm) to fully cover the substrate surface. For higher ds
no remarkable changes are observed in either the UPS or
MAES spectrum. Note that the Gr[σ*] band in UPS remains
very strong even at d = 30 nm, suggesting that a very thin
region still exists even at this d.
To confirm the film morphology, we conducted ex situ AFM

of picene/HOPG systems. The AFM image of the monolayer
film of picene (d ∼ 0.3 nm) in Figure 10a depicts a

homogeneous morphology with clear steps of the graphite
layers. For the multilayer coverages (d ∼ 1 nm) in Figure 10b,
molecular domains with extremely large thickness are observed
additionally, as it is obvious from the height profile of one of
the domains in Figure 10c. These findings lead to a conclusion
that picene forms dewetting 3D multilayer domains on the
underlying first wetting monolayer.
To elaborate the impact of the film growth on the spectral

evolution of the UPS spectra, we focus on the SECO and top
band region observed by UPS in Figures 11a and 11b. In Figure
11a the SECO position of HOPG is observed at 16.80 eV and is
shifted to 16.73 eV at the monolayer coverage (d = 0.3 nm).
Such a small shift of the SECO position has also been observed
and suggested to originate in the permanent dipole moment of
picene molecules inclined slightly relative to the substrate
surface.67 The SECO position of the monolayer coverage stays
unchanged up to 7.5 nm. For the higher ds, the SECO position
is shifted again to 16.65 eV at the final d of 30 nm. Following
the SECO position, we also found a significant change in the
top band features. In Figure 11b, the top band at the final d is
apparently sharper than that of the monolayer spectrum.
Furthermore, the spectrum at d = 30 nm contains a larger
tailing of the intensity to the lower EB side. To judge the
observed changes, we subtracted the substrate contribution as
performed for the picene/SiO2 system in Figure 7c, and the
results are shown in Figure 11c. It is clear that above 7.5 nm the
top band region shows new features at the lower EB side (see
the top spectrum). Because of the appearance of the new
features, the onset energy of the top band of the monolayer is
shifted from 1.94 to 1.37 eV. As a result, we find a change of the
IPT from 6.44 eV for the monolayer regime to 5.94 eV for the
thicker regime. This result indicates that the domain structure
in the multilayer regime is different from that of the monolayer,

since the IPT is a fingerprint of the film structure of organic thin
films as will be discussed below.

A Comparison of Film Structure and Electronic
Structure of Picene on HOPG and SiO2. Figures 12a and
12b summarize the IPT and film structure of the picene/HOPG
and SiO2 systems in the initial and final growth stages. Here, we
discuss the origin of the observed IPT differences of picene thin
films in the present results. The factors which affect the IPT of
organic thin films are usually explained by surface dipole
moment, permanent molecular dipole moment, energy band
dispersion, and molecular packing/crystal structures (final-state
photohole screening effect).23,68 Any of them are affected by
molecular orientation, and thus orientation-dependent IP(T) is
often observed. For example, pentacene films showed IPT of

Figure 10. Ex situ AFM images (14.5 × 14.5 μm) of picene/HOPG
systems: (a) d ∼ 0.3 nm; (b) d ∼ 1 nm. (c) A height profile along the
line drawn in the image (b).

Figure 11. He I UPS spectra of picene/HOPG systems as a function
of d: SECO (a) and top band region (b). (c) Top band spectra after
subtraction of the substrate spectrum. The top band spectrum is the 30
nm spectrum subtracted by the 0.3 nm spectrum for better
visualization of the differences. The residue in the top spectrum was
fitted with Gauss functions.

Figure 12. Schematic of the growth model of picene thin films on
HOPG (a) and on SiO2 (b) surface: Left-hand side shows the initial
growth stage, and the right-hand side is the final growth stage.
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5.45 eV for a flat-lying orientation (L-orientation) on HOPG
and 4.77 eV for S-orientation on SiO2:

23 The energy difference
is 0.68 eV. These orientation-dependent IPTs have been
ascribed to the electrostatic potential due to polar bonds of
organic molecules, such as Cδ−−Hδ+.68 The impact of the
potential is reversed for perfluorinated organic molecules
because of the inverse polarity of Cδ+−Fδ− bonds.69,70 For
picene, we found an IPT of 5.56 eV for S-orientation on SiO2
and of 6.44 eV for (slightly inclined) L-orientation on HOPG.
We thus obtained an energy difference of 0.89 eV and that the
change is in line with the scenario of the orientation-dependent
IPT since the S-orientation of picene, for which Cδ−−Hδ+ bonds
are located at the outermost surface, should decrease the IPT

relative to one of L-orientation. We note that the value of the
IPT difference is relatively high among OSCs reported so far.68

As the reason, various factors can be considered as follows. A
small permanent molecular dipole (0.035 D) of picene may
contribute to the increase of the IPT of picene monolayers on
HOPG because the SECO position is shifted in that direction
from the bare surface (see Figure 11a). The energy band
dispersion is expected to contribute the decrease of IPT for the
S-orientation of picene on SiO2 due to the similarity of the UPS
spectrum as well as the unit cell structure to those of single
crystals.33 Final-state photohole screening, which is a molecular
packing effect, could be also considered in picene and
pentacene although the packing density of both compounds
is similar (1.3−1.4 g/cm3).46,71 Apart from the simplest
consideration of the screening effects by the density only,
more complex models were described as the extra-atomic
relaxation energy depends for example on the (anisotropic)
dielectric constant of the environment, which is not necessarily
the same for both molecules. A recent paper by Yoshida et al.
based on experimentally determined IP and electron affinity
suggests that the polarization energy is largely orientation
dependent and is a crucial factor for the orientation dependent
IPs.72 Since electron affinity of picene thin films is not clear yet,
we do not go into the quantitative discussion for the larger IPT

difference of picene based on the above two models, i.e., surface
dipole vs polarization energy. But the large deference in IPTs of
picene thin films would be worth to further study to deeply
understand the phenomena of the orientation dependent IPT of
OSCs.
The IPT of a multilayer film of pentacene on HOPG is 5.15

eV, which is in between those of the S- and L-orientations.23

Götzen et al. investigated the structure of pentacene thin films
in detail and reached to the conclusion that the L-oriented
pentacene molecules in the first monolayer are lifted up when
the second layer is formed.73 The same phenomenon of lifting
up in the monolayer regime is also suggested for picene and
tetracene on Ag(111).74,75 For such a crystal orientation,
pentacene molecules tilt their shorter axes relative to the
substrate surface by ca. 55°, and thus the IPT of the tilting phase
would be in between that of the two orientations according to
the above-mentioned orientational effect.69,73 For the case of
picene, the IPT of 5.94 eV of the multilayers on HOPG is also
in between that of the S- and L-orientations. Analogous to
pentacene, we could thus expect that picene grows with tilting
orientation at higher ds on HOPG (Figure 12a), as the
evidence of the decreasing IPT in the multilayer domains. Note
that the IPT evaluated for the thicker regime would be the
upper limit because the multilayer domains are not fully
covering the first monolayer, and thus the SECO could shift
further to decrease the IPT. The substrate dependent molecular

orientation of picene on SiO2 and HOPG is basically the same
as for pentacene.23 Nevertheless, our studies imply that
intermolecular interactions of picene in terms of film growth
are rather different because picene tends to grow in 3D islands
on both HOPG and SiO2. Since there are several possibilities of
the crystal orientation, the detailed investigation of the
multilayer structure is required as Götzen et al. concluded.73

Finally, we comment on the origin of distinct orientations of
picene on HOPG and SiO2, namely, L- and S-orientation. In
general, it is known that the polyaromatic hydrocarbons adsorb
on HOPG with L-orientation and on SiO2 with S-orientation.
The situation is similar for hexa-peri-hexabenzocoronene
(HBC) molecules, a discotic, polycyclic hydrocarbon that can
be considered as a hydrogen-terminated molecular version of
graphene, the so-called nano-graphene.76 Beyer et al. deposited
HBC on SiO2, HOPG, and defect-rich HOPG, which was
prepared by ion sputtering and be also regarded as atomically
rough graphite surface. HBC molecules showed the same
behavior as other planar π-conjugated molecules, i.e., L-
orientation on HOPG and S-orientation on SiO2. However,
notably, HBC adsorbed with S-orientation on the defective
HOPG. For this reason, Beyer et al. pointed out the importance
of coherence size of the underlying graphite surface structure
for the HBC. The same concept can be adopted for picene
molecules, since picene could be also regarded as a piece of
surface layer of graphite similar to graphene.77 Nevertheless, we
note that the coherent size may be one of the key factors to
affect the molecular orientation; the change in molecular
orientation in terms of the substrate surface roughness was also
observed for other substrates, such as hydrogen-terminated Si
wafer and gold, with different organic π-conjugate mole-
cules.78−80 In addition to the substrate−molecule interaction,
intermolecular interaction should also play a role in general.
Thus, to clarify the origin of the substrate dependent molecular
orientation of picene, further investigations are needed.
Particularly, the substrate−molecule/intermolecular interac-
tions and the roughness effect have to be comprehensively
understood, which may need other complementary techniques,
such as scanning tunneling microscopy, thermal desorption
spectroscopy and the computational simulation to discuss the
interaction energies quantitatively.

■ CONCLUSIONS
In conclusion, we have studied the film growth, morphology,
crystal structure and electronic structure of picene thin films on
SiO2 and HOPG surfaces with complementary techniques (X-
ray scattering/diffraction, electron spectroscopy, and ex situ
AFM). We found a substrate and thickness dependent
molecular orientation and film growth: a 3D−2D growth
transition on SiO2 and 2D−3D growth transition on HOPG.
On SiO2, the in-plane unit cell structure of picene changes by
increasing the film thickness while keeping the S-orientation.
However, UPS measurements reveal that the structural changes
do not alter the electronic structure significantly, which may be
caused by the high crystallinity and the identical orientation of
the molecules before/after the structural transitions. On
HOPG, very high 3D-islands are grown on the first wetting
layer of picene molecules. We found a change in electronic
structure for the picene/HOPG systems dependent on d, as the
IPT of the monolayer is higher than that of the multilayer
domains. Including the IPT of the picene on SiO2, we have
discussed the origin of the IPT difference of picene observed on
SiO2 and HOPG.
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The comparison to pentacene, the isomer of picene, suggests
that while the molecular orientation on both substrates is
basically the same, film growth is apparently different in
particular for SiO2, where pentacene forms a wetting layer
starting from the first monolayer. From this evidence, it is
implied that intermolecular interactions are rather different
between picene and pentacene, which is attributed to their
different chemical structure and more specifically to their
molecular symmetry. The present paper should contribute to
the further understanding of the correlations between film
growth and electronic structure of OSCs. Especially, the
detailed understanding of intermolecular interactions in terms
of the zigzag versus straight chemical structure of picene and
pentacene, which corresponds to the switching between dipole
vs. quadrupole intermolecular interaction, may be a key to
control the film growth more precisely.
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