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Intermolecular band dispersions in single-crystalline anthracene multilayer films
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We report on the crystal and electronic structures of single-crystalline anthracene multilayer films grown
onto Cu(110) surfaces at 140 K. Electron diffraction patterns and angle-resolved ultraviolet photoelectron
spectra are consistent with a thin film phase characterized by a “standing-up” molecular orientation and a
squarelike unit cell within the plane of herringbone-stacked molecular layers. A single orientation of the film is
achieved in an epitaxial relation with the lattice of the substrate surface. A clear dispersion of intermolecular
bands relates anisotropic charge-carrier transport to particular crystallographic directions.
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Highly ordered, preferentially single-crystalline thin films
of planar aromatic molecules are in urgent need for elec-
tronic and optoelectronic applications such as field-effect
transistors and photovoltaic cells where high mobilities are
required.! However, such films are difficult to obtain without
a single epitaxial relation to the substrate that must also per-
sist with increasing film thickness. In this context, oli-
goacenes such as anthracene, tetracene, and pentacene are
prototypes for studies of thin film growth mechanisms, trans-
port properties, and their relation with the electronic struc-
ture of the bulk and at interfaces.?” Despite the large number
of experimental and theoretical investigations, the charge
transport mechanisms are still not completely understood.
Incoherent hopping may determine electrical conduction in
the bulk if the wave functions are localized on individual
molecular sites. On the other hand, in the presence of a high
degree of structural order, molecular orbitals may overlap
sufficiently to provide for a coherent bandlike transport.
Such, a relatively large intermolecular band width of up to
0.2-0.5 eV has been observed for the frontier valence-band
states of well ordered multi and monolayers of planar or-
ganic molecules, the details of the electronic structure and
the quantitative agreement with theoretical predictions being
strongly correlated with the peculiar molecular species and
film morphology.*~®® Obtaining well defined, ordered or-
ganic thin films and the study of their electronic properties
represents therefore a challenging but important task to ap-
proach the complex relations between the structure, intermo-
lecular interactions and charge transport.

In this context, anthracene (C,4H,,, the chemical structure
shown in Fig. 1) with its structural molecular simplicity and
the limited number of bulk crystal structures!® is a classical
system for the study of fundamental properties of organic
semi and photoconductors®!!? and also a suitable reference
system for testing the validity of electronic band structure
calculations.

In the present study, electronic properties of anthracene
multilayers deposited onto Cu(110) surfaces have been in-
vestigated by angle-resolved ultraviolet photoelectron spec-
troscopy (ARUPS) and related to structural properties of the
thin films and of the substrate surface as determined by re-
flection high energy electron diffraction (RHEED). Promoted
by the rectangular unit cell and the rowlike termination of
the Cu(110) surface, a long-range ordered structure of the
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anthracene multilayer is obtained providing for a significant
intermolecular dispersion of the uppermost valence bands.
Note that the growth of an epitaxially oriented, large single-
domain pentacene multilayer on Cu(110), with a “standing-
up” orientation, has been effectively demonstrated to result
from the delicate interplay between molecule-molecule vs
molecule-substrate interaction.’> By changing the size of the
molecule, the balance of these interactions is varied motivat-
ing the present study on the smaller oligoacene.
Photoelectron spectra have been acquired using a hemi-
spherical analyzer (Scienta SES-100), with an angular reso-
lution better than 0.2°. Angular-integrated spectra have been
taken with an integration angle of about =6° with respect to
the normal-emission direction (polar emission angle §=0°).
The total energy resolution has been set to 60 meV. The
samples have been excited by unpolarized Hel photons (hv
=21.218 eV) incident at an angle of 70° with respect to the
normal of the substrate plane (grazing incidence). The posi-
tion of the vacuum level (VL) has been determined from the
secondary electron cutoff, the sample biased at -5 V. For
RHEED, an electron energy of 15 keV and an emission cur-
rent of 28 wA have been used. High-purity Cu(110) samples
(99.999%, MaTecK GmbH, Germany) have been cleaned by
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FIG. 1. Secondary electron cutoff (a) and normal-emission
valence-band spectra (b) of the Cu(110) surface and of the anthra-
cene multilayer. The anthracene gas phase spectrum is shown for
comparison (Ref. 14).
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repeated sputtering and annealing cycles; the quality of the
metal surface being evaluated by RHEED and ARUPS.
Multilayer anthracene films (30 Langmuir of total exposure)
have been deposited under ultrahigh vacuum conditions onto
Cu(110) surfaces, the substrate temperature kept at 140 K.
Details are described elsewhere.”

Angle-integrated UPS data of the secondary cutoff (a) and
valence-band regions (b) for the anthracene multilayer are
reported in Fig. 1. While the spectral features related to the
highest occupied molecular orbital (HOMO) at about 2.2-2.7
eV are at binding energies similar to those of the Cu (3d)
bands, the overall shape of the spectrum indicates a complete
suppression of substrate-related features. In particular, the
complete vanishing of the Fermi edge is only consistent with
a film thickness >1 nm conservatively assuming an electron
mean free path of 1 nm for a kinetic energy of about 17 eV."3
The 7 vs o orbital character of adsorbate induced features is
derived by a comparison with the anthracene gas phase
spectrum,'* shown in Fig. 1(b), the data being aligned with
respect to the position of the HOMO. As shown in Fig. 1(a),
the VL shift of 0.6 eV with respect to that of the Cu(110)
surface is smaller than that for pentacene multilayer films.’
In addition, an intense peak labeled A is visible in the sec-
ondary electron region of the anthracene spectrum. In gen-
eral, the occurrence of such features is often related to reso-
nances above the VL as experienced by outgoing secondary
electrons.'® For oligoacenes, feature A can be linked to a
high density of states in the conduction band of crystalline
films with a standing-up molecular orientation'’ in the out-
ermost region of the multilayer film probed by ARUPS. Such
an orientation is also consistent with the overall shape of the
spectrum as reported in Fig. 1(b). Similar to the high-
temperature multilayer phase on highly oriented pyrolytic
graphite [0001],° for the given experimental geometry, the
spectrum is dominated by contributions from o-derived
states. Note that the probability of photoelectron emission
from 7 orbitals is low for photons incident close to normal of
the molecular plane.'®

For polyacene films, the standing-up orientation is gener-
ally accompanied by a herringbone stacking in layers parallel
to the substrate plane.>> In the magnification of the angle-
integrated spectrum shown in Fig. 1(b), an energy splitting
(of =0.5 eV) and a broadening of the HOMO-derived spec-
tral feature is observed that may be ascribed to the presence
of two inequivalent molecules per unit cell and the occur-
rence of band dispersions related to the intermolecular -7
overlap between adjacent molecular units.® For a detailed
discussion of the band structure, knowledge of the in-plane
crystal structure is prerequisite and can be obtained for lay-
ered, single-crystalline films by the RHEED technique.*

A complete mapping of the in-plane two-dimensional
structure of the outermost region of the anthracene
multilayer has been derived from a series of RHEED patterns
[Fig. 2(a)] for selected azimuthal angles ¢, as defined in Fig.
2(a) with respect to the direction of the incident electron
beam. The pattern of the clean Cu substrate provides the Cu
reciprocal lattice spacing of 1.74 A~! along the [001] crys-
tallographic direction as reference. The lateral ordering of
the organic layer has been determined by analyzing the in-
tensity distributions as a function of the in-plane momentum
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FIG. 2. (a) RHEED pattern images of the Cu(110) surface and
of multilayer anthracene films acquired at selected azimuthal angles
¢. (b) Intensity distribution of the RHEED images reported in (a)
perpendicularly to the beam direction. (c) Sketch of the in-plane
reciprocal lattice of the anthracene multilayer (hollow squares) and
the Cu(110) SBZ with high-symmetry points (filled circles). The
main crystallographic directions (IX,TY,T'M) of the organic
multilayer SBZ (light gray area) are explicitly indicated. (d) Sche-
matic representation of the herringbone-packed molecular arrange-
ment and corresponding unit cell (light gray area), with respect to
the underlying Cu(110) lattice.

ky [Fig. 2(b)] obtained with identical RHEED settings. Dif-

fraction streaks obtained along the [001] (¢=0°) and [110]
directions of the Cu surface, as well as at ¢=45°, are well
defined. Since polycrystallinity and rotational disorder are
associated with a Debye-Scherrer ringlike broadening of the
diffraction spots,'” a significant coexistence of rotational do-
mains can safely be excluded. The surface Brillouin zone
(SBZ) and in-plane unit cell of the film are shown in Figs.
2(c) and 2(d), respectively.

The lateral periodicity of the standing-up layer, for which
an herringbone packing has been assumed, may be well char-
acterized by a squarelike unit cell with a lattice parameter of
a=73+0.5 A [Fig. 2(d)]. In this way, the packing in the
multilayer film is slightly modified as compared to that of
bulk anthracene that is characterized by a (8.40 A
X599 A) rectangular unit cell in the (001) plane.!® As
clearly shown in Fig. 2(d), the herringbone facing between
the anthracene molecules occurs along the main symmetry
directions of the copper substrate. Note that the nearest
neighbor molecular distance is preserved in passing from the
bulk (5.16 A) to the multilayer film (5.2+0.2 A). Interest-
ingly, within the error bar, this distance corresponds to twice

and =~1.5 times the Cu lattice parameters along the [110]
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FIG. 3. (a) Dependence of the ARUPS spectra of the anthracene multilayer film on the polar angle 6. The Ep position of the HOMO-
derived states (H; and H, are indicated by gray thick lines. (b) Eg(k) of H; and H, along the main crystallographic directions. Solids lines
represent dispersions as obtained by a tight-binding analysis (see text for details)

(d[i107=2.55 A) and [001] (dfgo=3.61 A) directions, re-
spectively. The Cu(110) surface represents therefore a natural
template for the assembly of herringbone-packed, well-
oriented anthracene multilayers [Fig. 2(d)]. The close regis-
try between the substrate periodicity and the intermolecular
distances along the herringbone-packing directions empha-
sizes the dominant role played by the Cu(110) surface in
determining lateral order in the organic film. In particular,
the two-dimensional structure is distinctively different from
that of the pentacene/Cu(110) multilayer phase, described by
a bulklike rectangular unit cell oriented parallel to the main
Cu crystallographic directions.> In the case of pentacene,
however, the standing-up layers are formed onto a =3 nm
(i.e., 8 monolayers) thin, “flat-lying” film that originates, at
the early deposition stage, from the relatively high interac-
tion strength between the pentacene molecules and the
substrate.? The presence of intermediate organic layers natu-
rally screens the effect of the substrate periodicity on the
lateral packing of standing pentacene molecules that is es-
sentially driven by the intermolecular interactions and by the
structure of the flat-lying molecular film.? For anthracene on
Cu(110), the thickness of the flat-lying film is expected to be
reduced in comparison with the corresponding pentacene
case in view of the weaker molecule-substrate interactions'd
thus ensuring an effective matching between the substrate
periodicity and the lateral structure of the multilayer film. In
this context it is important to note that such an early-stage
reorientation mechanism (after completion of 1-2 layers) has
been recently suggested for the tetracene/Cu(110) system.!®

In Fig. 3(a) are reported 6-dependent ARUPS spectra, as

measured along the I'X, T'Y, and TM main symmetry direc-
tions of the anthracene multilayer surface unit cell. Two

spectral features denoted H; and H, derived from the split-
ting of the anthracene HOMO are clearly visible in particular
at 0=0°. For a more detailed analysis, the binding energy
positions of H; and H, have been determined by means of a
least-square fit deconvolution of the experimental data using
two Voigt functions. These peaks continuously disperse as a
function of 6, as explicitly indicated by thick gray lines su-

perimposed to the anthracene ARUPS data. Along the I'Y

and T'X directions, the energy separation between the two
spectral features is progressively reduced until #=18°. At
higher angles, the energy splitting starts to increase again
until #=44° where the normal-emission ARUPS line shape is

basically recovered. Along the I'M direction, a qualitatively
similar dispersive behavior has been observed, with the turn-
ing points located at §=12°, 22°, and 44°.

The band dispersions E(k;) of H; and H, are shown in
Fig. 3(b), where kj is the momentum parallel to the surface
along the T'X, I'Y, and I'M directions. For all the symmetry
directions investigated, within the first SBZ, H,(H,) displays
a downward (upwards) dispersion behavior. The H,(H,)
band widths are 60*+40 meV (23060 meV),
60+40 meV (23060 meV), and 60*x40 meV
(13060 meV) along the X, TY, and TM direction, re-
spectively. Importantly, the turning point of Eg(k) curves are
located at the expected high-symmetry points, as evaluated
on the basis of the RHEED data: X at 0.61+0.02 A~!, Y at
0.610.02 A~', and M at 0.43+0.04 A~!. This result com-
bined within the similarity between the dispersions along I'X

and I'Ys, is highly consistent with the model of a squarelike
in-plane unit cell shown in Figs. 2 and 2(d) implying crys-
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tallographic equivalence between the X and Y high-
symmetry points. Any Egz(k,) out-of-plane contribution to
the as mapped Ejg(k;) dispersion relation can safely be ex-
cluded because of the weak - interaction along the direc-
tion of the long molecular axis.’

The HOMO energy splitting at the I point of
0.50*0.04 eV and the qualitative behavior of the band cur-
vature are in good agreement with theoretical predictions for
the anthracene single crystal monoclinic phase.® Differences
in terms of the overall band width and of the occurrence of
degeneracy at the SBZ edges as predicted for the monoclinic
anthracene phase may be attributed to lattice differences be-
tween the (001) planes of the bulk and present thin film
phases and to the slightly different geometry of the two in-
equivalent molecules within the anthracene/Cu(110) surface
unit cell. Note that significant deviations of experimental
results from theoretical predictions as well as inconsistencies
within the huge variety of experimental data have been ob-
served in the case of multilayer films of larger aromatic com-
pounds, and attributed to the strong sensitivity of the elec-
tronic on structural properties.>®

The dispersive behavior of the two HOMO-derived bands
may be discussed within the framework of a simple one-
dimensional tight-binding model: Eg(k)=E.
=2t cos(2ky/ g;), with E,. the center of the band,  the trans-
fer integral, and g the wave number between two I points
along the i-th crystallographic direction. As indicated in Fig.
3(b), the dispersions obtained using the above equation re-
produces well the experimental data along all three direc-
tions.

Because such a simple tight-binding model seems to work
well in the present case, carrier wave functions may be de-
scribed as linear combinations of localized states. This is
different to recent findings for a standing-up pentacene
monolayer* suggesting a higher degree of charge localization
in the anthracene multilayer film. In this context, the validity
of the tight-binding model allows a quantitative estimation of
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the effective-hole/free-electron mass ratio my,/m, associated
to the high-symmetry crystallographic directions. In particu-
lar, the H; band curvature provide m,=9.9m, and m,

=4.5m, along the TX(T'Y) and 'M directions. These values
are not directly applicable to the anthracene single crystal, in
view of the slight structural differences between the bulk and
thin film phases. On the other hand, they confirm the crucial
role of intermolecular interactions and in particular of the
details of the orbital- and structure-dependent -7 overlap
(in, i.e., planar vs herringbone nearest-neighbor configura-
tions) in determining strong anisotropies in the charge-carrier
mobility of ordered organic solids.

In conclusion, structural and electronic properties of a
long-range  ordered, herringbone-stacked  anthracene
multilayer on Cu(110) surface, with a standing- up molecular
orientation, have been discussed in detail. A strong epitaxial
relation to the substrate surface periodicity is found provid-
ing a lateral ordering different to that of bulk crystalline
phases of anthracene. The energy dispersions of the two
HOMO-derived bands along the main in-plane crystallo-
graphic directions reveal a non-negligible band width and a
perfect consistency with the two-dimensional periodicity of
the squarelike lattice. An analysis of the experimental data
within the framework of a simple tight-binding model indi-
cates a higher degree of charge localization as compared to
thin films of larger polyacenes and a clear role of the
structure-dependent m-7 overlap in determining strong
anisotropies in the charge-carrier transport. In view of the
high symmetry of the multilayer crystal structure, the present
results shall provide a valuable reference point for an im-
proved understanding of coherent bandlike charge transport
in real, epitaxially grown, organic thin film structures.
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