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Using ultrahigh-vacuum low-temperature scanning tunneling microscopy and spectroscopy com-
bined with first principles density functional theory calculations, we have investigated structural
and electronic properties of pristine and potassium (K)-deposited picene thin films formed in situ
on a Ag(111) substrate. At low coverages, the molecules are uniformly distributed with the long
axis aligned along the [112] direction of the substrate. At higher coverages, ordered structures
composed of monolayer molecules are observed, one of which is a monolayer with tilted and flat-
lying molecules resembling a (110) plane of the bulk crystalline picene. Between the molecules
and the substrate, the van der Waals interaction is dominant with negligible hybridization be-
tween their electronic states; a conclusion that contrasts with the chemisorption exhibited by pen-
tacene molecules on the same substrate. We also observed a monolayer picene thin film in which
all molecules were standing to form an intermolecular 7 stacking. Two-dimensional delocalized
electronic states are found on the K-deposited 7 stacking structure. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4894439]

. INTRODUCTION

Picene (C,H,,), its chemical structure depicted in
Fig. 1(c), is a simple aromatic compound composed of five
fused benzene rings with an arm-chair edge. Thin films of
one of its isomers, pentacene, possessing instead a zigzag
edge, have been studied extensively because their high car-
rier mobility makes them a promising candidate for molecu-
lar electronic device applications such as organic field effect
transistors' = and photovoltaic cells.*> However, instability
or degradation of the molecule under atmospheric conditions
remains a fundamental limitation to the pursuit of these prac-
tical applications.® Picene is chemically stable due to the large
energy band gap (3.3 eV), compared with pentacene (1.8 eV),
but has delocalized m-electrons in thin films and high carrier
mobility under oxygen exposure,® a combination of the prop-
erties making it a promising post-pentacene candidate ma-
terial for molecular electronics. Very recently, the molecule
has attracted tremendous attention for an entirely different
property, namely, the discovery of superconductivity in potas-
sium (K)-doped picene with the critical temperature of 19 K,’
followed by discoveries of similar aromatic compound-based
superconductors with even higher transition temperatures up
to 30 K.%? In spite of this surprisingly high transition tem-
perature, high reactivity in the air limits experimental access
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to K-doped picene, and therefore, molecular level details of
growth, structural, and electronic properties have remained
elusive.

The properties of the molecular thin films depend on
the nature of the interfaces between the molecules and the
substrate.'” Understanding the contacts is a major motiva-
tion behind a study of molecular layer formation on surfaces.
The performance of molecular devices also depends on the
relative alignment of energy levels in the molecules, which
may be strongly modified by the interaction of substrate
electronic states with molecular orbitals.!" Here, in order to
understand structural and electronic properties of the molecu-
lar layer and their interactions with the substrate, we investi-
gated ultrathin films of picene formed on a Ag(111) substrate
in situ under ultrahigh vacuum (UHV) conditions by low-
temperature scanning tunneling microscopy and spectroscopy
(STM/STS) combined with first principles density functional
theory (DFT) calculations. The obtained results indicate that
the molecule has a weak van der Waals (vdW) interaction
with the substrate (in contrast with pentacene on Ag(111)),
and thus exhibits a growth mode different from that of the
sister molecule.

Il. METHODS
A. STM experiment

The experiments were performed using an ultrahigh vac-
uum STM setup (USM-1300, Unisoku, and SPM-1000, RHK)

© 2014 AIP Publishing LLC
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FIG. 1. (a) and (b) STM images of 0.7 ML picene-deposited Ag(111) sur-
face. The sample bias voltage (V,) and the tunneling current (/) are 1.0 V
and 96 pA for (a) and 1.0 V and 290 pA for (b), respectively. (c) Zoomed
image superimposed with a chemical formula of a picene molecule. (d) and
(e) STM images of various monolayer picene thin film structures that we call
phase 1 and phase 2, respectively, throughout this paper. The amount of de-
posited picene molecule is 1.0-1.5 ML. V, = 1.0 V and I, = 48 pA for (c),
and V= 1.0 V and 1, = 290 pA for (d).

in which the tip and sample can be cooled down to ~2.6 K at
the Institute for Solid State Physics, the University of Tokyo.
First, a single crystalline Ag(111) substrate was cleaned by
repetitive Ar sputtering and annealing at ~800°C. After
checking the cleanness and flatness of the surface by STM ob-
servation, picene molecules (99.9%, Nard Institute Ltd.) were
deposited on the substrate using an evaporator heated around
100°C. The amount of deposited molecules was estimated
from low-coverage STM images, such as the ones shown in
Figs. 1(a) and 1(b), assuming all deposited molecules adsorb
on the substrate. The deposition/adsorption rate is 1.8 x 10~
molecules/s nm”. If we define 1 monolayer (ML) of picene
thin film as a flat-lying structure whose molecular density is
0.95 molecule/nm? shown in Fig. 1(d), the deposition rate
corresponds to 1.9 x 10~* ML/s. The amount of deposited
molecules was controlled by adjusting the deposition time.
Potassium was deposited by heating a dispenser (SAES Get-
ters). During both depositions, the substrate was kept at room
temperature, and after the in sifu deposition, the sample was
transferred to the STM setup for characterization.

J. Chem. Phys. 141, 114701 (2014)

All the STM/STS measurements were performed at
4.2 K. Electrochemically etched W tips, which were annealed
at ~900°C in situ for removing the oxide layer from the tip
apex, were used for the imaging and spectroscopic measure-
ments. The differential tunneling conductance spectra were
taken using a standard lock-in method with a modulation of
50 mV,,,, and 9.2 kHz on the sample bias voltage.

B. DFT calculation

For the first-principles DFT calculations, periodic slab
models were employed to simulate a Ag(111) surface. We
used a three atomic fcc layer Ag(111) slab with the optimized
lattice constant of 0.408 nm, in close agreement with the ex-
perimental value (0.409 nm).'? Vacuum regions equivalent to
12 atomic layers (~2.8 nm) were inserted between the Ag
slabs. For the DFT calculations, the STATE program code'?
was used, which employs pseudo-potentials to describe elec-
tron ion interactions.'*!> Nonlinear core correction was in-
cluded. The valence states were expanded by a plane wave ba-
sis set. The surface Brillouin zone was sampled by 1 x 2 and
2 x 2 k-point meshes for the phase 1 and phase 2 calculations,
respectively. We used energy cutoffs of 25 Ry and 225 Ry for
wave functions and augmented charge densities, respectively.
The Fermi level was treated with the first-order Hermite-
Gaussian scheme with the width of 0.05 eV.!¢ To describe the
vdW interaction between the adsorbate and the substrate, and
among the adsorbates, we employed the gradient-corrected
Perdew-Burke-Ernzerhof (PBE)!” exchange-correlation po-
tential including the semi-empirical dispersion correction pro-
posed by Grimme,'® which we call PBE-D. The atomic ge-
ometries of the adsorbed molecules and the upper two atomic
layers of the Ag(111) slab were allowed to relax until the
forces on all the atoms were below 0.08 nN. From the cal-
culated atomic and electronic structures STM images were
simulated with a scheme of the Tersoff-Hamann theory'® by
making a contour map of local density of states (LDOS) at
2.5 x 107° bohr~ within an energy range between the Fermi
level and the one corresponding to the set bias voltage.

lll. RESULTS AND DISCUSSION
A. Low coverage adsorption of picene molecules

After the deposition of a small amount (~0.7 ML) of
picene molecules on the Ag(111) surface, we obtained STM
images shown in Figs. 1(a) and 1(b). Zigzag-shaped indi-
vidual picene molecules are clearly observed. The shape
indicates that the adsorbed molecules lay their flat plane
parallel to the substrate surface. The area density is 0.69
molecules/nm?. In the images, the molecules are uniformly
distributed over the substrate with an almost equal spacing
between their nearest neighbors. The uniform distribution im-
plies a repulsive interaction between them, which is obviously
mediated through the substrate’®2? because of their large sep-
aration. In the molecule, because of the different electron
affinities, hydrogen (carbon) atoms are positively (negatively)
charged. Therefore, on the substrate below hydrogen atoms
electrons are collected whereas below carbon atoms holes are
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collected. Since the edge of molecules is completely occupied
by hydrogen atoms, the electron clouds below the molecules
repel each other and contribute to the repulsive interaction
among the adsorbed molecules. No bright protrusions are
found at the ends of the molecules, indicating no bending, un-
like the case of pentacene molecules deposited on Cu(111).23
All picene molecules align their long axis along the [112]
direction of the substrate. The orientation is also different
from that of pentacene molecules adsorbed on Cu(11 1)?? and
Ag(111),>* where the long axis of the adsorbed molecules
align to the close-packed [110] directions.

B. Monolayer coverage structures
of picene molecules

Further molecular deposition (1.0-1.5 ML) makes vari-
ous ordered structures of the adsorbed molecules, as shown
in Figs. 1(d) and 1(e), and 6(a) in a sequence of the
molecular density. In the lowest-density structure shown in
Fig. 1(d), which we call phase 1 hereafter, the molecules make
rows along the [110] direction of the Ag substrate with their
long axis aligned to the [112] direction. Judging from the ob-
served bright protrusions similar in size to that of the isolated
molecules, as demonstrated with a superimposed structural
formula in an inset of Fig. 1(d), the molecules are most likely
laid flat parallel to the substrate surface. Despite random ori-
entations of the zigzag shape of the molecule, translational
periodicities of the center of the molecules are obvious in the
row and inter-row directions. The two-dimensionally (2D) or-
dered molecular structure has a centered rectangular unit cell,
depicted with a white box in Fig. 1(d), with a space group of
cm whose lengths are 0.75 &+ 0.05 nm and 2.8 4 0.2 nm. The
density of the molecule is 0.95 & 0.06 molecules/nm?. The
unit length along the close-packed direction is ~2.5 times
the Ag(111) atomic distance (0.298 nm); 2 intermolecular
spacings correspond to 5 atom spacings of the substrate. The
structure is symmetric with respect to the (110) and (112)
planes of the substrate except for the randomness of the zigzag
orientation and slight meanderings of the molecular rows.

Whereas all molecules are laid flat in phase 1, the struc-
ture shown in Fig. 1(e) — phase 2 — has two kinds of pro-
trusions, bright and dark, in the unit cell. The bright protru-
sion in the structure has a narrow shape implying it is a tilted
molecule while the dark one looks flatter. The STM image of
Fig. 2(b) shows a boundary between phase 1 and phase 2 and
their structural relations. It is found that phase 2 has molec-
ular rows along the [110] direction, and the spacing between
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FIG. 2. (a) Cross-sectional plot taken along the line drawn in the STM im-

age of (b). (b) STM image showing a boundary of phase 1 and phase 2
(Vy=1.74V, I, =48 pA).
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the neighboring rows is the same as in phase 1. As shown in
Fig. 2(a), the height difference between the flat molecules
in phase 1 and bright (dark) protrusions is only 0.25 nm
(0.2 nm). These are much shorter than the short axis of the
molecule (0.55 nm), thus phase 2 cannot be a layer formed
over phase 1 even by considering possible modification in ap-
parent height due to the electronic effect, which might hap-
pen in STM imaging. It is, therefore, natural to conclude
that phase 2 is a monolayer directly formed on the substrate
in which tilted and flat-lying molecules are alternatively ar-
ranged along the [110] direction. The molecular rows of phase
2 are straight compared with those in phase 1, and the transla-
tional ordering is obviously improved. The mirror symmetry
with respect to the (110) plane is, however, broken. In fact,
we observed all six domains over the sample whose unit cell
is along the three equivalent [110] directions with two ori-
entations that have a mirror-reflected relation with respect to
the (110) plain, although the two orientations are not exactly
equivalent on the Ag(111) substrate.

The unit cell of phase 2, indicated as a white parallelo-
gram in Fig. 1(e), has a length of 1.09 & 0.06 nm and 1.42
£ 0.08 nm with an angle of 73° £ 3°, which corresponds
to the molecular density of 1.48 & 0.08 molecules/nm?. We
found that the distance between the tilted molecules is almost
same as the length along [110] (1.055 nm) or [1 10](1.041 nm)
of the monoclinic unit cell of crystalline picene.”> The mea-
sured distance between the molecular rows, 1.36 nm, also co-
incides with the c-axis length (1.35 nm) of the picene crystal.
We thus speculate that the (110) or (110) layer of crystalline
picene is formed on the substrate with the orientational re-
lation of [110](110) picene // [110](111) Ag, except for the
relation of the molecular positions between the neighboring
rows, which is not exactly the same as that of the crystal.

The observed molecular stacking is in contrast with the
case of pentacene on the same substrate.’*?° In the case of
pentacene the adsorbed molecules form a (011) plane, which
is composed of tilted molecules only. The bulk-like pentacene
layer is formed on a chemisorbed wetting molecular layer
underneath, which is also different from the case of picene,
where the bulk-like layer is formed directly on the substrate.
The difference in structures arises from the different interac-
tion between the molecules and substrate; pentacene exhibits
chemical interaction with the Ag(111) substrate while picene
does not, as will be discussed below.

C. Theoretical calculations on monolayer picene
phases

In order to investigate the stability of the proposed mod-
els and elucidate the nature of the interaction between the
molecules and substrate for the two phases, we performed
first principles DFT calculations for the structures of phase
1 and phase 2. For the calculations the molecular lattice was
slightly adjusted so that it is commensurate with the substrate
lattice. The unit cell of phase 1 and 2 was fixed at (g ;6) and
( _45 i) with respect to the Ag(111) unit cell, with four and two
picene molecules adsorbed on one side of the Ag(111) slab in
the unit cell, respectively.
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FIG. 3. (a) Structural model for phase 1 obtained by the DFT calculation. The inset shows a simulated STM image. (b) Structural model for phase 2 and its
simulated STM image (inset). (c) Cross-sectional view of the structural models and the simulated images for phase 1 and phase 2.

The energetically stable structure after the structural
relaxation for the two phases is shown in Figs. 3(a) and
3(b). The adsorption energy per molecule is —2.31 eV and
—2.39 eV for phase 1 and phase 2, respectively. The larger ad-
sorption energy of phase 2 is due to intermolecular interaction
in the bulk-like structure. In phase 1, the molecule-substrate
interaction dominates the adsorption energy and is maximized
by the almost cofacial adsorption geometry. In phase 2, on the
other hand, the molecules which have herringbone-like ge-
ometry, show significant vdW interaction amongst themselves
while the molecule-substrate interaction could be smaller than
in phase 1. Recent theoretical studies using accurate vdW
density functionals indicate that binding energies of crys-
talline hydrocarbons such as anthracene and rubrene are larger
than 1.0 eV per molecule, implying the significance of the
non-covalent vdW interaction in the herringbone-like stacked
thin film.?’~?° The vdW interaction between the neighboring
picene molecules contribute to the stability of phase 2 over
phase 1.

Simulated STM images for the two structures are also
shown in the insets of Figs. 3(a) and 3(b), respectively. The
bias voltage set for the simulation is 1.0 V for phase 1 and
1.35 V for phase 2 to cover the LDOS of the lowest unoccu-
pied molecular orbital (LUMO) state of the respective phases,
the same as the case of the experimental STM images shown
in Figs. 1(d) and 1(e). Although the experimental STM im-
ages do not show fine intra-molecular structures that appear
in the simulated ones, the overall shape and conformation of
the molecules are consistent. These results support the struc-
tural models estimated from the experimental STM images.
The distance between the C atoms of the molecule and Ag
atoms of the substrate in phase 1 is 3.0-3.2 nm, almost equal
to the sum of the vdW radii of the two elements, suggesting a
vdW interaction between them.

We measured the height difference between the two sim-
ulated STM images in order to compare with the experimental

STM results (Fig. 2(a)). The bias voltage of the cross-section
of the LDOS contour mappings, shown in Fig. 3(c), was set at
1.80 V so that the LDOS covers both LUMO and LUMO+-1
states, as is the case of the corresponding experimental im-
age. The theoretical height difference is ~0.3 nm, similar to
but even larger than the experimental value, ~0.22 nm. The
theoretical small height difference also rules out the possibil-
ity that phase 2 is formed on either phase 1 or a wetting layer.

D. Tunneling spectroscopy

Tunneling spectra taken on different structures exhibit
distinct differences (Fig. 4(a)). The spectrum taken on an iso-
lated molecule (submonolayer) has a shallow gap of ~3.0 eV
around the Fermi level. In the gap, a step-like feature with an
onset at +0.1 eV can be seen, and the shape is quite similar
with that observed on bare Ag(111) substrates, whose bottom
is located at —0.12 eV.3° Characteristic to tunneling spectra of
the Shockley surface states, the step-like feature has a sharp
onset that corresponds to the bottom of the two-dimensional
electronic states and a slow decay into the high energy side,
which is due to the suppressed tunneling probability for
electronic states with large surface-parallel wave number.’!
Similar step-like features have been observed on monolayer
molecules on (111) surfaces of noble metals,*>>> and at-
tributed to the Shockley surface states of the substrate.33-3
As seen from a comparison with the spectrum taken on bare
Ag(111) surfaces, the onset energy is shifted to the high en-
ergy side. The shift can be explained by considering the origin
of the Shockley states, as will be discussed below. We thus
attribute the step-like feature observed on a single adsorbed
molecule to the modified surface states of Ag(111).

The energy level of the surface states is determined by the
confinement of the wave functions in the direction perpendic-
ular to the surface. In the case of the clean Ag(111) surface,
the wave function is confined between the projected band gap
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FIG. 4. (a) Tunneling spectra taken of submonolayer coverage picene deposited on a Ag(111) substrate (gray circle), as well as tilted and flat-lying molecules
in the phase 2 structure of a picene thin film (black and red circles, respectively). They were taken after stabilizing the tip position with the tunneling condition
of V, = —2.0 V and /, = 200 pA for the submonolayer spectra and V, = 2.0 V and I, = 200 pA for the phase 2 spectra. A spectrum taken on bare Ag(111)

substrate (gray circles) is also shown as a reference (V, = —2.0 V and )t = 1nA).

(b) and (c) Projected LDOS of highest occupied molecular orbital (HOMO),

HOMO-1, LUMO, and LUMO+-1 on the molecules of phase 1 (b) and on the tilted and flat-lying molecules of phase 2 (c).

in the (111) direction of bulk Ag and the vacuum level whose
height is related to the work function.>**® By the presence of
the molecule, the confinement condition is modified by an ex-
tra phase in the wave function induced by an electrostatic po-
tential of the molecule. Because of the additional phase in the
wave function the energy level of the surface state is shifted
from —0.12 eV to 4+0.1 eV. While the energy level is slightly
modified by the adsorption of the molecule, the observation
of the surface state itself indicates that the states originating
from the Ss-orbital of the substrate do not significantly hy-
bridize with the molecular orbitals.

In the submonolayer tunneling spectrum a steep incre-
ment around 1.4 eV presumably due to the LUMO state is ob-
served while observation of other molecular states such as the
HOMO was hampered by significant tunneling contribution
from the metallic substrate through the adsorbed molecule.’*
Any peak structures which might be due to hybridized states,

such as the one observed on pentacene adsorbed on Cu(111)
substrate are, however, not found in the tunneling spectra.
It seems that no hybridization occurs between the adsorbates
and the substrate in the present case.

Tunneling spectra taken on tilted and flat-lying molecules
in phase 2, which is a bulk-like molecular monolayer, ex-
hibit a strong gap ranging from —2.6 to 1.4 eV. The amount
of the gap (4.0 eV) is larger than that measured on picene
thin films (3.3 eV)* because of less dispersion in the di-
rection perpendicular to the substrate. Our LDOS calculation
for phase 2 (Fig. 4(c)) shows the gap of 2.5-2.8 eV depend-
ing on the measured sites. The smaller gap than the experi-
ment has been reported in local density approximation (LDA)
and generalized gradient approximation (GGA) of the DFT
calculation; the theoretically estimated gap for crystalline
picene (2.4 eV)* is also smaller than that of experiment
(3.3eV).
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The spectrum taken on tilted (flat-lying) molecules
shown in Fig. 4(a) exhibits peaks at —3.0, 1.7, and 1.9 eV
(—=3.0, —1.8, and —2.0 eV), although we found that the peak
energy differences between the two molecules fluctuate by
~0.15 eV probably due to variation in the local intermolecu-
lar configuration. While the energy levels of the HOMO state
of the two molecules do not differ, the energy levels of the
LUMO and LUMO+1 states taken on flat-lying molecules
are in general higher than those of tilted molecules. When
the intermolecular distance is small, the Pauli repulsion in-
duces charge redistribution in the molecules and substrate,
modifying the electrostatic potential of the relevant molecules
and their electronic states.!! The peak energies of LUMO and
LUMO+-1 states obtained by our first principles calculation
shown in Fig. 4(c) are almost same between the tilted and
flat-lying molecules. The same calculation performed with
a unit cell smaller in size by 82%, however, showed higher
LUMO and LUMO+1 states on flat-lying molecules than
tilted ones by 0.2 eV. This indicates that local variation in
the intermolecular distance modifies the local potential of the
molecules and induces the peak energy differences between
the two molecules.

The calculated spectra exhibit several peaks with small
energy dispersion, as shown in Figs. 4(c) and 4(d). Both the
experimental and theoretical tunneling spectra on phase 2 do
not show any features in the gap, which indicates negligible
hybridization between the orbitals of the adsorbed molecules
and the electronic states of the substrate in the phase. Sev-
eral very tiny peaks can be found in the theoretical results,
but these peaks are not large enough to produce peak struc-
tures in tunneling spectra like the ones observed by Smer-
don et al.”® on pentacene/Cu(111) and Gonzalez-Lakunza
et al** According to the Mulliken population analysis the
amount of charge transfer from the substrate to the LUMO
and LUMO+-1 states of the tilted and flat-lying molecules
due to the gap states is only 0.02¢ and 0.04e, respectively,
where e is the electron charge. It is not reasonable to claim
chemisorption from such small amounts of charge transfer.
Note that the tip-sample distance during our tunneling con-
ductance measurements is similar to or even smaller than that
of Gonzalez-Lakunza et al.,> who observed peaks due to hy-
bridized states at the TCNQ/Au(111) interface, judged from a
comparison of the two stabilization conditions. We thus do not
think our tip-sample distance was too far to detect hybridized
states. A theoretical tunneling spectrum of phase 1 (Fig. 4(b))
does not show peaks in the gap either. All these results lead
us to conclude that the interaction between the molecule and
the substrate is dominated by the vdW interaction and that the
contribution of the chemical interaction is negligibly small.

The weak interaction and the vdW binding nature of the
molecule to the substrate are quite different from the case
of the sister molecule, pentacene. The straight 5-benzene-
ring molecule is known to chemisorb on Cu(111)***? and
Ag(111)*%2% surfaces; the hybridized states between the
molecular orbitals and substrate states and their energy disper-
sions have been observed experimentally by angle-resolved
photoemission spectroscopy,*' and reproduced theoretically
by first principles calculations.** We attribute the difference in
the bonding nature between the two 5-benzene-ring molecules

J. Chem. Phys. 141, 114701 (2014)

to the difference in their band gap; picene has wider band
gap than pentacene, and therefore the energy levels of the
molecular states of picene are far from the Fermi level. Large
energy differences between the molecular orbitals and the
relevant electronic states of the substrate suppress hybridiza-
tion between them. As a consequence of the different bond-
ing nature, the growth modes of the thin films of the two
molecules are quite different; Thayer et al.*® reported that
pentacene molecules form a flat-lying layer on strongly inter-
acting metallic substrates, while on weakly-bound semi-metal
Bi substrates bulk-like structures are formed directly on the
surface. The bulk-like structure in phase 2 directly bound to
the substrate is attributed to the weak physisorbed interaction
between the picene molecules and the Ag(111) substrate.

In order to investigate details of the observed elec-
tronic states on the adsorbed molecules, we performed two-
dimensional tunneling spectroscopy. Figure 5 shows tunnel-
ing conductance (dl/dV) mappings, which correspond to the
spatial distribution of LDOS at each energy level. In the to-
pographic image (Fig. 5(b)), a tilted molecule is enclosed
with a dashed oval and its center is marked with a red cir-
cle. The dI/dV mappings show a node at the center of the
tilted molecule at 1.76 eV (Fig. 5(d)) whereas no nodes are
observed at 1.95 eV (Fig. 5(e)). Since the LUMO (LUMO+1)
states of the molecule have (do not have) a node at the center
of the long molecular axis,?® the observed node features in-
dicate that the tilted molecule in phase 2 have DOS close to
a single picene molecule. This is in contrast with the case of
crystalline picene, where LUMO and LUMO+-1 states of the
constituent molecules are coupled to show similar DOS dis-
tributions at the two energy levels in the conduction band.?’
This indicates that, although phase 2 has a structure similar to
that of bulk, its electronic states of LUMO and LUMO+-1 are
not; one monolayer is not enough to have bulk band states.

E. Monolayer structure with standing molecules

We also observed a monolayer structure in which all
molecules are standing. As shown in the STM image of

Bias voltage (V)
L7 19 21

5 T
(a)

LUMO
LUMO+1

di/dV (arb. unit)

FIG. 5. (a) Tunneling spectra taken at the center (red) and edge (black) of
a tilted molecule in phase 2. (b) STM image (V, = 2.2 V, I, = 200 pA),
and (c)—(f) tunneling conductance (dI/dV) mappings at 1.5 V, .76 V, 1.95 V,
and 2.2 V, respectively, taken on phase 2. The stabilization condition for the
spectroscopy is V = 2.2 V and I, = 200 pA.
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FIG. 6. (a) STM image of phase 3 of picene molecules adsorbed on Ag(111)
substrate (V, = 1.0 V and I, = 360 pA). (b) Schematic model of the adsorbed
molecules for phase 3. (c) Cross-sectional plot taken along the line in the
STM image of (d). (d) STM image showing a boundary of phase 2 and phase
3(V, =10V, 1 =360pA).

Fig. 6(a), all molecules are observed as a narrow bright pro-
trusion. Since the length of the protrusions corresponds to
that of the long axis of the molecule, we presume that the
molecules are standing with their long axis parallel to the
substrate. In this configuration aromatic rings of the neigh-
boring molecules face each other, and, therefore, attractive
intermolecular interaction due to 7 stacking is expected. The
structure, which we call phase 3, has a rectangular unit cell,
shown as a white box in Fig. 6(a), with glide symmetry (p2gg)
whose length is given by 1.56 & 0.1 nm and 2.72 4 0.16 nm.
The short axis of the unit cell is along the [110] direction of
the substrate. As the unit cell has 8 molecules, the molecular
density is 1.89 molecules/nm?.

Since the height difference between phase 3 and phase 2
is just 0.05 nm (Fig. 6(c)), a monolayer of phase 3 also seems
directly formed on the substrate without any ordered or disor-
dered layers underneath. Note that because of a blunt probe tip
individual molecules in phase 3 are not resolved in the image.
A possible molecular arrangement is schematically presented
in Fig. 6(b). Since all molecules are standing with & stacking,
electronic states delocalized in the layer are expected.

F. Potassium adsorption on a monolayer picene
structure

In order to investigate the role of the alkali metals on
the electronic delocalization, we deposited K on the phase 3
structure and measured tunneling spectra as shown in Fig. 7.
The amount of the deposited K is 1.7 atoms per molecule.
The tunneling spectra show a peak around 42.5 V, and the
peak position gradually shifts to the higher voltage as the
tip moves toward an unknown protrusion shown in the to-
pographic image. Tunneling conductance (dl/dV) mappings
clearly demonstrate the gradual shift; contour-like bright rings

J. Chem. Phys. 141, 114701 (2014)

di/dV (arb. Unit.)

24 26
Bias voltage (V)

FIG. 7. STM image (V, = 2.7 V, I, = 293 pA), dI/dV mappings at 2.3 V,
246V, 252 V,256V, 263V, and 2.70 V, and tunneling spectra taken at
the positions marked in the STM image with the corresponding colors, on a
K-deposited phase 3 structure. The stabilization condition is V = 2.7 V and
I, =293 pA.

that are strongly deformed by the local molecular configura-
tion are found in the mappings, and the rings shrink toward
the protrusion with the bias voltage. The observed gradual
shift and its contour-like ring features are explained by the
spatial variation in electrostatic potential.*** Since the po-
tential goes up towards the protrusion, there should be a neg-
ative charge at the protrusion; around the negative charge the
potential that electrons feel is raised and the whole electronic
structure including the 2.5 eV state shifts to higher energy
in a rigid manner. The energy level of the state thus follows
the spatial distribution of the potential, which creates ring-like
potential contours around its maxima and minima.

Similar ring-like structures in dI/dV mappings can be
formed by the tip-induced charging of dopants.*®*’ In the
case of the tip-induced charging, however, rings are rather cir-
cular and not severely modified by the local structure. In fact,
if the ring-like structures are due to the charging, as is the case
of Refs. 46 and 47, they do not behave like a contour; when
two rings meet, the two rings just overlap each other. In the
case of the potential, however, the two rings are merged to
form a cocoon-like shape. As the rings we observed do not
overlap, we presume it is due to the potential variation.

According to the Poisson equation, the potential varia-
tion requires charged carriers, as in the case of band bending
in semiconducting materials. In semiconductors, the spatial
variation of the potential is characterized by the Debye length,
which is inversely proportional to the square-root of the car-
rier density. Since our experiments show potential variation
in nano-meter scale, we conclude the presence of a signif-
icant amount of mobile carriers in the molecular thin film,
indicating the existence of delocalized states. The observed
nano-scale potential shift is a clear indication of 2D delocal-
ized electronic states in the molecular thin film, which is in-
duced by the w-stacking formed in the molecular structure of
phase 3.
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IV. SUMMARY

Using STM/STS and DFT calculations, we have investi-
gated pristine and K-deposited thin films of picene molecules
formed in situ on Ag(111) substrate. Through the observation
of the molecular structures and their electronic properties, we
found that the growth of picene and its electronic states are
rather different from pentacene because of the weak vdW in-
teraction of the molecule with the substrate. The weak interac-
tion is due to the large band gap of the molecule and negligible
hybridization between the molecular orbitals and the substrate
electronic states. Our results provide nanoscale insight on the
thin film formation of the molecule and its electronic states,
which shows promise as a conductive channel of molecular
field effect transistors and a base material of organic super-
conductors that exhibit high critical temperatures.
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