12454 J. Phys. Chem. R007,111,12454-12457

Electronic States of a Single Layer of Pentacene: Standing-Up and Flat-Lying
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The electronic properties of a single layer (SL) of pentacene molecules are investigated by high-resolution
UV photoemission and near-edge X-ray absorption spectroscopy in different configurations of the SL, either
standing up on an aromatic self-assembled monolayer or planar on a bare Cu(001) substrate. The weakly
interacting pentacene molecules in the standing-up SL present a semiconducting character, and the empty
states distribution reflects that of gas-phase pentacene, while the planar pen@eaystem shows a metallic
interface with redistribution of the empty molecular states. The highest-occupied molecular orbital lineshape
in the weakly interacting SL shows a double structure, attributed to two nonequivalent molecules in the
ordered configuration.

Introduction two structural configurations. The main objective is to clarify
to what extent the HOMO and LUMO states are involved in
the molecule-molecule and molecutesubstrate interactions.
Pentacene can be adsorbed as a single layer of standing-up
molecules on a buffer SAM of benzenethiolatekigS—, Bt)

ora SL of flat-lying molecules directly on a bare Cu surface,
as deduced by near-edge X-ray absorption fine structure
d (NEXAFS) at the C K-edge. While a SL of standing-up
molecules weakly interacts with the underlying SAM, the strong
redistribution of the LUMO-related final states for flat-lying
pentacene on Cu is a sign of an electronic mixing between the
molecular orbitals and the metal electronic states. The latter

voltagesi®14 Pentacene (GHiJ) presents electron charge phenomenon can _be accounted for by considering a_partial
delocalized on the fused benzene rings supported by a highest-YMO occupation induced by the metal charge, enhancing the

occupied molecular orbital (HOMO) and a lowest-unoccupied metallic character at the interface. This process can largely

molecular orbital (LUMO). Taking into account the pentacene influence the charge i_njection barrier _and the device pe_rfor-
polymorpha5.8or other nanostructured architectures or single- Mance. On the other side, the electronic-transport properties of

layer (SL) phaséZ due to the different packing of pentacene the pentacene SL deposited on the SAM buffer are not affected
molecules, the carrier mobility is basically governed by the PY the substrate and preserve the semiconducting properties due
strength of the electronic coupling between the HOMO levels 0 the z—z interaction of the pentacene standing-up floating
(for hole transport) and the LUMO states (for electron transport) 2yer-

of adjacent molecules in a band-transport mechatisfiwhere

the transfer integral (electronic coupling) has generally been Experimental Section

invoked to quantify the mechanisth2° _
The pentacene orientation and the moleeisiebstrate inter- The HR-ARUPS experiments were performed at the LOTUS

action are crucial to understand the related electronic and'@boratory in Rome, in an ultrahigh-vacuum (UHV, base
transport properties of the organic devices. With the aim of Pressure 10° Pa) environment. Details of the experimental
studying those mechanisms that tune the transport properties?PProach have been given elsewhéreiR-ARUPS data were

of organic/inorganic interfaces, we have separately prepared@cquired using a high-intensity He discharge lamp (ke |
ordered single layers of standing-up and flat-lying pentacene Photonshw = 21.218 eV) with a 45incidence angle, and the
arrays, respectively, and measured and compared the mo|ecu|aphotoem|tted electrons were analyzed in the plane of incidence

electronic states supporting the mobile charge carriers in the With & hemispherical SCIENTA SES-200 analyzer, used with
an energy resolution of 15 meV and an angular resolution of

In the rapidly expanding field of the electronics based on
hybrid organie-inorganic systems, the design of new architec-
tures of 7-conjugated materials has stimulated an enormous
interest in realizing prototype hybrid organic deviée&where
the performance and success depend mainly on the molecula
orientation and packing®° Recently, a high-mobility and low-
voltage organic thin-film transistor (TFT) has been designe
with a heterostructure constituted of standing-up pentacene
molecules deposited on a buffer self-assembled monolayer
(SAM), where the SAM has been used successfully as a
dielectric layer instead of a thin oxide for reducing the operating

t Part of the “Giacinto Scoles Festschrift’. 0.18 and by keeping the integration angle-b®° with respect
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Figure 1. Left: schematic side-view of the arrangement of standing-

— s-polarized

up pentacene molecules in the SL phase on the Bt-SAM/Cu(001) —__ p-polarized
substraté® Right: schematic side view of the flat-lying pentacene e e e L
molecules on the Cu(119) surface, where the SL pentacene molecule: Y 5 o Pentacene/Bt/Cu(001)

are lying flat along the step edg®s.

Intensity (arb. units)

to prepare the saturated Bt-SAWIPentacene was evaporated
in situ at 300 K with a constant evaporation rate of about 1
nm/min.

Another set of samples was prepared with the same proce-
dures and measured at the ALOISA beanffnaf the Elettra o :Sp'_%‘;'f;:‘;j;
Synchrotron Radiation Laboratory (Trieste, Italy). Photon energy i N N ENEA S AL N S
scans from 275 to 320 eV with a photon energy resolution of 280 285 290 295 300 305 310 315 320
100 meV were carried out during NEXAFS measurements at
the C K-edge. The NEXAFS signal was measured by means of
an electron multiplier facing the sample, operated with200 Figure 2. Top panel: C K-edge NEXAFS absorption spectra of 6 A
V biased gric324 These configurations were achieved in the of pentacene deposited on the Cu(001) surface for both s-polarized

- . . . (black solid line) and p-polarized (gray solid line) radiation. Bottom
specific experimental setup of the ALOISA beamline by rotating panel: C K-edge NEXAFS absorption spectra of a 20 A pentacene/

the §ample arounq the axis CoinciQent with the X-ray beam, pt-sam/Cu(001) system for both s-polarized (black solid line) and
keeping the X-ray incidence angle fixed at°83 p-polarized (gray solid line) radiation.

Photon energy (eV)

observed C K-shell dichroism and to the orbital symmetry of
the 7* states, we can unambiguously confirm that pentacene

A SL of standing-up pentacene is formed by depositing 20 molecules adsorbed on the organic Bt-SAM adopt the standing-
A (nominal thickness) of pentacene on Bt-SAM/Cu(001), while up configuration, in agreement with a previous AFM stddly,
a SL of flat-lying molecules is formed by adsorgi A of while pentacene is lying flat when adsorbed on the bare Cu-
pentacene on the Cu(119) surface, as previously deduced by001) substrate, as it does on its vicinal (119) sufaém
atomic force microscopy (AFM§ and scanning tunneling  agreement with STM resuf®.
microscopy (STMF1.2526A schematic drawing of the pentacene More details on the nature of molectisubstrate and
SL standing up on the Bt-SAM and lying flat on the Cu(119) molecule-molecule interactions can be deduced by comparing
vicinal surface is reported in Figure 1. The step edges of the the C K-edge line shapes. The C K-edge absorption line shape
Cu(119) vicinal surface, with 1.17 nm wide terraces, provide for a SL of standing-up pentacene molecules deposited on the
ideal adsorption sites for producing long-range ordered penta- SAM is very close to that obtained for gas-phase pentagene,
cene arrays lying flat along the step edges, as observed byand this similarity is maintained at lower nominal pentacene
STM.21250n the other hand, the Bt-SAM induces a standing- thickness, signifying a weak molectisubstrate interaction at
up configuration of the pentacene SL, as deduced by the averageany pentacene coverage on the Bt-SAM. In particular, there are
layer thickness recently measured by AFM. two main manifolds in ther* energy region (282284.5 and

The molecular geometry and the evolution of the molecular 284.5-287 eV, respectively) due to the absorption from the C
states for pentacene SLs deposited on both substrates have beels core levels to the LUMO and LUM@L states. The fine
investigated by NEXAFS at the C K-edge. The polarization- structure within each manifold reflects the slightly different
dependent C K-shell spectra for the SL-pentacene/Bt-SAM/Cu- initial state energy of the six nonequivalent C atoms involved
(001) and SL-pentacene/Cu(001) systems are shown in Figurein the transitions, as detailed by a previous gas-phase data
2. NEXAFS spectra were collected as a function of the polar analysis?® Further fine structure in the* + o* region (287.5-
angle between the X-ray scattering plane and the photon electric291.5 eV) is absent in the gas-phase dé&tand it can be
field vector E), ranging between s and p polarization, respec- attributed to mixed orbitals due to the molecuteolecule
tively: E perpendicular to the scattering plane and parallel to interaction within the SL. On the other hand, a closer inspection
the substrate (s polarization), Brparallel to the scattering plane  of the line shape for the NEXAFS data at the pentacene/Cu-
and perpendicular to the substrate (p polarization). The absorp-(001) system reveals a definitely modified line shape invithe
tion peaks can be assigned to the transitions from the C 1s coretransition region, with respect to the pentacene/Bt spectra and
level to thex* molecular states (286290 eV energy range) to the free-molecule datd.The two manifolds in ther* energy
and to theo* resonances (at higher energy). In particular, there region are not any more clearly resolved, and the dichroism in
is a strong dichroism for s- and p-polarized radiation, though it the signal is apparently reduced. These effects are due to
is reversed for the two systems. For pentacene on the bare Cumolecule-substrate interaction at the Cu(001) substrate, produc-

Results and Discussion

(001) surface (Figure 2, top panel), the signal in Afieegion ing a modification of the empty final states accessed by the
is enhanced for p-polarized radiation as compared to that with core electrons, as invoked previously for the pentacene/Cu(119)
the s-polarized one, with reversed behavior foréheesonance. interface?” with hybridization between the molecular orbitals

In the pentacene/Bt-SAM/Cu(001) system (Figure 2, bottom and the metal electronic states. In fact, recent theoretical
panel), thex* resonances are more intense for s-polarized predictiongd® and experimental photoemission restii¥reveal
radiation as compared with that for p polarization. Due to the hybridization of ther* molecular orbitals with the underlying
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Figure 3. Left panel: HR-UPS spectrum of 20 A pentacene/Bt-SAM/ _ _
Cu(001) taken at normal emission. Right panel: I—_|R-_UPS spectrum of g,%ltjer?n 4i-n ?Eeuﬁgdgtab{ﬁéi;ge eznoeéypfgé?gﬁ ng{:?etdSAc:\rAéfe::’(og)lg
3 A pentacene/Cu(119) taken af@flit of normal emission (to enhance g0 ctrum). Data are after background subtraction (open circles, middle
surface sensitivity). In the insets are schematic views of the tWo gnectrym), and fitting curves (black solid line) with the residual signal
molecular configurations. (open square, at the bottom). The individual fitting curves due to the

) ) ) hole—vibration coupling for bands A (dashed lines) and B (dotted lines)
metallic states, inducing partial occupation of the former LUMO are superimposed on the background-subtracted experimental data, and
molecular states. This scenario is consistent with a decreasingtheir positions are marked by schematic combs associated to the

of the LUMO component and a redistribution of the LUM®@ excitations A and B.
states in the C K-edge for the flat-lying pentacene molecules o ) o
(Figure 2, top panel). In conclusion, the molecuieetal inter- series of hole-vibration couplings, as shown in Figure 4 (lower

action strongly influences the energy distribution of the LUMO spectrum), with full-width at half-maximum (fwhm) values of
molecular states in the interaction with the Cu surface, while the Gaussiars) and Lorentzian\(/.) components of 340 and
the standing-up pentacene layer is floating on the SAM buffer 40 meV, respectively The two main electronic excitations (A
layer and the LUMO states are preserved, reflecting the energyand B) centered at the 1.37 and 1.70 eV BEs, respectively, are
distribution similar to the one as reported for the gas pRase. always present at different pentacene thicknesses on the Bt-
A study for obtaining the exact angle in the molecular SAM buffer layer.
orientation can be obtained only after a very accurate theoretical In recent works on pentacene thin films adsorbed on weakly
prediction of the different spectral contributions upon molecule interacting substrates, the appearance of asymmetric HOMO
adsorption/interaction on the substrate, which cannot be directly peak3>15253233.353has been attributed either to the contribution
related to the gas-phase molecular peaks. of bulk and surface compone#t$3-37and/or to the energy band
Further insights on the electronic properties of these single dispersior$23>3839with a bandwidth of 0.19 eV at room
arrays of standing-up and flat-lying pentacene molecules cantemperaturé® Thus, we performed an angular-resolved photo-
be deduced by comparing the HOMO-derived states. High- emission study of the SL pentacene deposited on the Bt-SAM/
resolution UPS data in the HOMO energy region for a 20 A Cu(001) and on the Cu(119) vicinal surface, along e
thick pentacene layer deposited on the Bt-SAM/Cu(001) system direction of the (1x 1) surface brillouin zone (SBZ) of the
and on a 3 Athick pentacene layer deposited on the bare Cu- metal substrate. The HR-ARUPS spectra present a HOMO
(119) surface are shown in Figure 3. The pentacene SL growndouble peak well localized over the SBZ spanning aldig
on the Bt-SAM (Figure 3, left panel) is semiconducting, as for the pentacene SL on the Bt-SAM. In particular, its double-
documented by the absence of electronic spectral density at thepeaked shape does not change in any point of that symmetry
Fermi energy Er), and the hole-injection barriergf) is direction, discarding the possibility to justify the double-peaked
estimated to be 1.08- 0.05 eV. On the other hand, the SL HOMO structure as purely due to energy band dispersion. We
pentacene/Cu(119) system (Figure 1, right panel) presents acannot exclude the possibility that some dispersion may be
finite density of states ar due to partial occupation of the  present in another symmetry direction or thin-film configura-
LUMO, confirming the metallic character at the interface, as tion;*® however, the negligible bandwidth for the floating
predicted by theoretical calculatio®s. pentacene SL confirms that the molecular states are weakly
The metallic pentacene/Cu(119) interface presents a narroweffected by the environment. On the other side, preliminary
(0.3 eV) and symmetric HOMO structure centered at a 1.57 eV observation of a tiny dispersion (about 0.1 eV) is obtained for
binding energy (BE), while the pentacene/Bt-SAM presents an the SL deposited on the Cu(119) surface, where the molecular
asymmetric HOMO band (0.6 eV wide) centered at a 1.44 eV levels do interact with the underlying metallic electronic states;
BE. The symmetric line shape at the metallic interface is due electronic mixing between the pentacene molecular orbitals and
to the complete screening of heteibrational coupling, which ~ the electronic states at the Cu(001) surface has been recently
is present for the pentacene HOMO in the gas pBageThe demonstrated by a joint theoretical and experimental approach,
HOMO asymmetry in the standing-up pentacene SL is due to observing a redistribution of states close to the Fermi en&rgy.
the presence of a double structure, reported in Figure 4 (top Thus, the metallic substrate mediates the moleemielecule
spectrum) along with the results of a fitting procedure, using interaction, as recently discussed for otheconjugated mol-
Voigt functions. A fit with a single excitation mode followed ecules interacting on a silver surfaeproducing a non-
by hole-vibration couplings (EC stretching mode at 170  negligible bandwidth for the pentacene SL on Cu(119), which
me\253533 and higher-order loss peak, as reported for gas- can influence the charge mobility at the interface.
phase pentacef®) was not successful. Thus, we introduced The asymmetry of the HOMO structure for the floating
two electronic components (A and B), each accompanied by a pentacene layer observed for a SL and for a lower nominal
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thickness cannot be ascribed to the coexistence of surface and (13) Kanijilal, A.; Ottaviano, L.; Di Castro, V.; Beccari, M.; Betti, M.

bulk components. A SL of standing-up molecules deposited o
Bt-SAM/Cu(001) provides a well-ordered two-domaif2 x

6) phase at low coveradgéthough a loss of azimuthal ordering
is observed at increasing molecular densftyConsidering

almost vertical alignment of the pentacene molecules on the, .

Bt-SAM/Cu(001), we can suppose that each molecule is

n G Mariani, C.J. Phys. Chem. Q007 111, 286.

(14) Kang, J. H.; da Silva Filho, D.; Bdas, J. L.; Zhu, X.-Y Appl.
Phys. Lett.2005 86, 152115.

(15) Mattheus, C. C.; de Wijs, G. A.; de Groot, R. A.; Palstra, T. T. M.
J. Am. Chem. So2003 125, 6323.
(16) Mattheus, C. C.; Dros, A. B.; Baas, J.; Meetsma, A.; de Boer, J.
Palstra, T. T. MActa Crystallogr., Sect. @001, 57, 939.
(17) Fritz, S. E.; Martin, S. M.; Frisbie, C. D.; Ward, M. D.; Toney, M.

adsorbed standing up on each underlying Bt molecule in the F.J. Am. Chem. So2004 126, 4084.

c(2 x 6) sites of the Cu(001) surface, giving rise to a structure
with two molecules per surface unit cell. Hence, we may
attribute the double-HOMO structure to the presence of two

nonequivalent molecules in the surface unit cell, as proposed

in theoretical prediction¥»204345 Generally, absorption of
radiation in such a low-symmetry situation produces two
different absorption bands, as originally predicted by Davyélov
and observed in opticHl*® and absorptiot? measurements.
Despite the weak interaction of pentacene with the Bt-SAM

(18) Cornil, J.; Beljonne, D.; Calbert, J.-P.; Bias, J. L.Adv. Mater.
2001, 13, 1053.

(19) Cheng, Y. C.; Silbey, R. J.; da Silva Filho, D. A,; Calbert, J. P,;
Cornil, J.; Brelas, J. LJ. Chem. Phys2003 118 3764.

(20) Valeev, E. F.; Coropceanu, V.; da Silva Filho, D. A.; Salman, S.;
Brédas, J. LJ. Am. Chem. So2006 128 9882.

(21) Gavioli, L.; Fanetti, M.; Sancrotti, M.; Betti, M. @hys. Re. B
2005 72, 035458.

(22) Details of the ALOISA beamline can be found at http://ww-
w.elettra.trieste.it/experiments/beamlines/aloisa/index.html.

(23) Gotter, R.; Ruocco, A.; Morgante, A.; Cvetko, D.; Floreano, L.;
Tommasini, F.; Stefani, @lucl. Instrum. Methods Phys. Res., Sec081,

substrate, the presence of two nonequivalent molecules and thei#67—468, 1468.

mutual interaction may lead to a kind of Davydov/crystal-field
splitting of the initial state, giving rise to the observed 0.33 eV
energy splitting of the corresponding HOMO bands.

Conclusions

In conclusion, we presented a comparison of the electronic
properties of a single layer of pentacene molecules arranged

(24) Cossaro, A.; Cvetko, D.; Bavdek, G.; Floreano, L.; Gotter, R;
Morgante, A.; Evangelistra, F.; Ruocco, A. Phys. Chem. R004 108
14671.

(25) Baldacchini, C.; Mariani, C.; Betti, M. G.; Gavioli, L.; Fanetti, M.;
Sancrotti, M.Appl. Phys. Lett2006 89, 152119.

(26) Baldacchini, C.; Betti, M. G.; Corradini, V.; Mariani, Gurf. Sci.
2004 566—-568, 613.

(27) Baldacchini, C.; Allegretti, F.; Gunnella, R.; Betti, M. Surf. Sci.
2007, 601, 2603.

(28) Alagia, M.; Baldacchini, C.; Betti, M. G.; Bussolotti, F.; Carravetta,

on an organic SAM and on a bare Cu metal substrate by meansy.; Ekstram, U.; Mariani, C.; Stranges, 3. Chem. Phy<2005 122, 124305.

of combined high-resolution ARUPS and NEXAFS measure-

ments. Pentacene adsorbs in a standing-up orientation on th

weakly interacting SAM, while the molecules are lying flat on

(29) Ferretti, A.; Calzolari, A.; Di Felice, R.; Ruini, A.; Molinari, E.;

éa‘aldacchini, C.; Betti, M. GPhys. Re. Lett. 2007, 99, 046802.

(30) Baldacchini, C.; Mariani, C.; Betti, M. Gl. Chem. Phys2006
124, 154702.

the bare Cu(001) substrate. The floating 2D pentacene layer on (31) Coropceanu, V.; Malagoli, M.; da Silva Filho, D. A.; Gruhn, N.

the SAM has a semiconducting character with a double-HOMO E-

structure, justified by the(2 x 6) adsorption geometry. The
flat-lying 2D pentacene layer on Cu interacts with the underlying
metal, giving rise to a metallic interface with a redistribution
of the empty molecular states.
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