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Electronic band states of long-range ordered aromatic thione molecules assembled on @Q0)
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Two-dimensional long-range ordered organic molecule layers can be achieved by depositing thiols on single
crystalline surfaces. The aromatic thione 2-mercaptobenzoxdki©) molecule (GHsNOS) presents a
S-containing head which reacts with the Cu surface, and an aromatic ring originating lateral van der Waals
interactions and molecular self-organization. A long-range-ordp(@ck 2) structure of MBO on C(100) is
obtained, by MBO sublimation in highly controlled ultrahigh-vacuum conditions. The MBO molecular orbitals
and interface electronic levels have been identified, also comparing the room-temperature experiment with the
low-temperaturg100 K) physisorption data, by angular-resolved high-resolution UV photoelectron spectros-
copy. The role of S as a chemical hook for the molecule to the Cu surface is evidenced, and comparison with
similar compounds suggests that the adsorption mechanism and the related electronic structure are rather
general results forr-conjugated molecules with a S-containing head. We give striking evidence of energy-band
formation of MBO-Cu interaction states, bringing to light molecule-Cu extended hybrid bands, with a band-
width of 120 meV along one main azimuthal symmetry direction of the surface Brillouin zone.
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[. INTRODUCTION Several organic molecules incorporate the aromatic ring in
the molecular body, and can be tethered to noble-metal sur-
A growing and strong interest in organic molecule depo-faces through external atongsuch as sulfyr organic thiols
sition on surfaces has been recently stimulated by the reaknd thiones belong to this class of self-assembling molecules
ization of prototype devices in view of the “plastic electron- on surfaces$®~® Adsorption of aromatic organic molecules
ics” eral”? For example, it has been shown how a monolayemt surfaces can take plaséa the aromatic ring interaction
of thiolates or appropriately modified benzene dithiolatewith the substrate, such as with benZ€rtéor polyacened®
molecules deposited on suitable substrates can give rise tesulting in a modification ofr conjugation due to new
resonant-tunneling transistots® Despite the growing inter- bonding configurations, compromising their transport prop-
est in such systems, still open questions remain about therties. On the contrary, thiol and thione molecule adsorption
intimate molecule-to-substrate interface properties, the evds based on a chemical strategy involving molecule-to-
lution of the electronic molecular level§ormation of ex-  substrate interactiowia specific functional groups which are
tended band states, bandwigtthe conduction mechanisms not an intrinsic part of the delocalizetsystem'°~??In fact,
at the molecular scalélectron-phonon interaction and po- the S-containing head reacts with the surface, while the aro-
laron effect$, and microscopic control of the transport prop- matic ring generates lateral van der Waals interactions driv-
erties. ing the molecular self-organization and packing, opening a
Electrical conductivity in these systems is generallypossible charge conduction chanf@f
driven by thew-conjugated rings, allowing electron delocal-  The type of molecule-to-substrate interaction, the identi-
ization via 7 stacking, which plays an important role in fication of the electronic interface states, and possible ex-
charge transport for organic and also biological systéms. tended band formation are still open questions, despite the
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hemispherical analyzer, equipped with angle and energy par-
allel two-dimensional detection by a multichannel plate, with
an angular resolution better than 0.2°. The angular detection
range spans-8° with respect to the spectrometer lens axes.
Wider angular limits, to reach the SBZ boundary, were
achieved by rotating the crystal surface normal with respect
to the spectrometer lens axes. Angular-integrated spectra
were taken with an integration angle of abau6° with re-
spect to the normal-emission direction. A good compromise

FIG. 1. Sketch structure of the 2-mercaptobenzoxazolebetween signal-to-noise ratio, good energy resolution, and
(C7HsNOS, MBO molecule in the thione forntsee text acquisition time was obtained using 2 €10 e\) pass en-

ergy and 0.8-mm slits in the angular-integratecesolved

deep interest in the study of two-dimensional ordered asseniode. In these conditions, the energy resolution was 16 meV
bly of organic molecules with aromatic groups, and of their(24 me\), as determined on the Fermi leveEg) of Cu.
packing and effects on electronic interactions. _ Calibration of the binding energ§BE) scale with respect to

In this context, this work focuses on the experimentaliye measured kinetic energy was carried out in the adsorbed
dete_rmlnatlon of extended electronic band formation at Or'ls)ystems, using the Cu Fermi edge at 0 eV BE.
ganic molecule ordered layers adsorbed on surfaces. We ob- The high-purity(99.999% Cu(100) single crystal was re-

tain _the Slﬂffac? band structure e_md parallel momentum di yeatedly cleaned by a series of sputtering-annealing cycles in
persion with high-energy-resolution UV photoemission, by .
order to remove the contaminar{tarbon, oxygen, and sul-

depositing the 2-mercaptobenzoxazole7(lNOS, in the fur) from the sample surface. After the cleaning procedure,

following MBO) molecule on C(100), in the typical condi- the A tra showed taminant sianal Il bel
tions of surface science standard. This molecule, whose lin:'© /U9€r Spectra showed contaminant signais wetl below
223 the noise level. Each cleaning cycle consisted of sputtering

ear dimensions are roughly %2.8 A%, % presents an aro- o )
matic part and an etheroatomic ring, Wi& S atom as the With Ar™ ions (800 eV, 8uA for 30 min), followed by an-

chemical “arm” (Fig. 1). Thin layer MBO deposition in nealing at 690 Kforafeyv minutes. Flash at higher tempera-
UHV conditions has been studied on(Bttl) by near-edge ture (about 30 s at 740 Kinduced larger coherence domains
X-ray absorption fine-structure Spectrosc&‘bﬁ and on of the SUrface, as evidenced by the Sharper LEED pattern.
Cu(100) single crystals by scanning tunneling microscépy, =~ The MBO molecule was supplied by Aldrich Chemical
showing the formation of ordered phases, allowing the deterfCompany Inc. in the form of powder, with 98.4% purity
mination of the average molecular orientation and the strongletermined by gas chromatography analysis. The main im-
molecule-to-substrate interaction by the S atom. purities, crystallization solvents, were removed before the
We hereafter present an angular-resolved high-resolutioinsertion in the experimental chamber, by repeated sublima-
UV photoelectron spectroscofAR-HRUPS investigation  tion cycles. The molecule was contained in a retractable
of the room-temperaturdRT) MBO adsorption on the stainless-steel cylinder, UHV connected to the preparation
Cu(100) surface in UHV. The molecule layer forms a long- chamber with a leak valve. The MBO molecule was subli-
range-orderegb(2X 2) superstructure. We show how the S mated by heating the cylinder at 390 K, after repeated
atom acts as a hook for the molecule tethering at the nobldeating-pumping cycles for further cleaning. The molecule
metal surface, identifying the molecule-to-substrate interaccan exist in two tautomeric forms, the thione with Nésed
tion levels and interface electronic states. In particular, wén this work, reported in Fig. land the thiol form with SH.
give strong evidence of energy-band formation for an ad-The thione form presents a=€S double bond, while the
sorbed oligomer organic system, bringing to light thiol form has the endocyclic double bond=€N and the
molecule-Cu hybrid extended bands, whose dispersion iBydrogen atom bonded to the sulfur atom instead of the ni-
clearly measured along the main symmetry directions of thérogen. Among the two tautomeric forms of this molecule,
surface Brillouin zon€SB2). only the thione form is present in the MBO vapor while
sublimating it in UHV conditions, as ascertained by previous
x-ray absorption and photoemission spectroscof.
All the depositions were carried out at a comparable value
The experiments, carried out at the surface physics labosf the MBO pressuréin the 10 -Pa rangg only varying
ratory LOTUS, were performed in UHV chambers contain-the exposition time, to avoid effects of different adsorption
ing an angular-resolved high-resolution ultraviolet photo-rates on the growth morphology. The exposures were mea-
electron spectroscopy apparatus, low-energy electrosured in Langmuir units (1£1.33x10 * Pas). We ob-
diffraction (LEED), and other ancillary facilities for sample served a variation of the actual deposition rate—at constant
preparation. exposure—depending on the partial MBO pressure. How-
All photoelectron spectra reported here were excited withever, this effect does not substantially influence the growth
a high-intensity He discharge lantple I, and Hell o, pho-  morphology at RT, but hinders the use of the exposure as a
tons,hy=21.218 and 40.814 eV, respectivelfThe photo- comparative quantity. Since saturation was observed in the
emitted electrons were analyzed in the plane of incidencephotoemission experiment at RT, we use the saturation cov-
with a high angular- and energy-resolution Scienta SES-20@rage O, as the deposition quantity for the data taken at

Il. EXPERIMENT
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T The latter spectrum is calibrated against the <signal of
MBQO/Cu(100) the benzenelike atoms ¢@nd G, in Fig. 1) at 285.0 eV.
I MBO sublimation on the substrate kept at low tempera-
i ture (LT) gives rise to the first layer chemically interacting
with the substrate and characterized by interface electronic
| gas phase states, followed by a multilayer condensed phase, where the
: MBO molecule-Cu states disappear and more proper molecular or-
| o bitals emerge, as reported in Ref. 27. The first interacting
layer formed at LT resembles the room-temperature adsorp-
tion data, which we shall discuss later.
23 L, MBO The uptake of MBO in the condensed phase is continuous,
@ LT with the formation of a multilayer film, on top of the first
MBO-Cu interacting layet’ The low-temperature angular-
integrated dat&Fig. 2) obtained for multilayer MBO grown
M on CU100 present valence-band features with main struc-
. tures at 2.20, 3.85, 7.55, and 9.15 eV BE, with wider shoul-
ders at~2.6 and~3.1 eV. These peaks, characteristic of a
physisorbed phase, can be analyzed in close relation with
those of the gas-phase spectrum and related calcul&fioms.
0.95 6, MBO A particular, the peak at 2.20 eV can be assigned to the highest
@ RT M occupied molecular orbita]HOMO), well identified in the
e gas-phase data and attributed tomadelocalized orbital,
while the wide shoulder at-2.6 eV can be correlated to the
M HOMO-1 orbital mainly localized on the S atom of the MBO
molecule. The wide asymmetric BE structure centered at
~3.85 eV, with the shoulder at3.1 eV, can be assigned to
the two molecular states associated to highly delocalized
orbitals (3.56 and 4.22 eYin the gas phase, broadened and
‘ shifted by the adsorption in the condensed phase. The highest
T ' BE peaks at 7.55 and 9.15 eV come from the convolution of
8 7 6 5 4 3 2 1 0 a variety of molecular orbitals with different origin, and are
Binding Energy (eV) broadened and shifted in the condensed phase.
Once the MBO molecular orbitals in the valence band of
physisorbed MBO are established, we analyze the room-
FIG. 2. High-resolution UV(He! photon energy, 20.218 ¢V temperature MBO adsorption on Q0. The angular-
angular-integrated photoemission spectra ofintegrated valence-band ddféig. 2) present six main MBO-
2-mercaptobenzoxazo(®BO) deposited on GU00) at 298 K(RT,  derived structures\; at 1.50 eVM, at 2.23 eVM at 3.40
0.95 o_f_ saturation coverageand at 100 K(LT, 23 L multilayer eV, M, at 3.80 eV,M; at 4.75 eV, andV at 5.35 eV BE,
deposition. Data from the clean Q00 surface and from gas- 44 the Cu @ band structure with reduced intensity. We
phase_ MBO(from Ref. 26 are shown for comparison. The major show in Fig. 2(bottom part the spectrum at about 0.95 of
MBO-induced structures are indicated {—Ms). the saturation coverage, corresponding to a gp(2ix 2)
LEED diffraction pattern. Data from the very first coverage
room temperature. In general, the lower the deposition ratgghases present an analogous distribution of these valence-
the better order was obtained. band features, in particular, the main structures maintain
their shape and position.
The peak at 1.50 eV BEM; in Fig. 2) has an intensity
I1l. RESULTS AND DISCUSSION increasing with the coverage, and it becomes more evident
with respect to the other MBO-induced structures by using
Hell o photons(40.418 eV photon energyAccording to
A propaedeutic task for the understanding of the MBOatomic excitation cross-section consideratiGhsyhere the
interaction at the single crystal Ci00) surface is the com- Cu d-symmetry level cross section increases from 7.2 to 9.9
parison between photoemission data at the gas phase, phydb upon changing the photon energy from H® Hell,
isorbed phaséat 100 K, and room temperature deposited while the S 3 cross section decreases from 4.3 to 0.6 Mb
MBO, with the goal to discriminate between molecular andclose to its Cooper minimum, we attribute this structure to an
molecule-to-substrate interaction states. For this purpos@ntibonding MBO-Cu S f—Cu 3, 4s hybrid state, with
angular-integrated valence-band photoemission data of MB@he major contribution ofl-symmetry states. Our attribution
deposited on the QUOO) surface at roon{298 K) and low can be confirmed by previous S/Q00 photoemission
(100 K) temperature have been taken, and shown in Fig. 2data?®*° and by photoemission and electron-energy-loss
along with the clean Cu data and MBO gas-phase spéttra.spectroscopy studies on alkanethibland benzenethiol§*

Intensity (arb. units)

e S

o s e e

A. Valence band at condensed and at chemisorbed MBO
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chemisorbed on Cu, where the adsorbate-substrate bondin
procedesvia formation of new bonding and antibonding
states between the Culg,,,~S 3p,, and Cu 4/3d,—-S
3p, orbitals.

The feature at 2.23 eVM, in Fig. 2) is absent on the
clean Cu surface, its intensity is appreciable for coverages
roughly above 0.@®,. It is clear and close to the structures
observed for the gas phase and the low-temperature cor
densed molecular phase, thus it is not related to the molecul
interaction with the substrate, rather to proper molecular
states. We can reasonably attribute this peak to the HOMC
molecular orbital of the MBO, mainly localized on the rings’
7 bonds, and basically unperturbed due to the major S inter-
action with the substrate.

The peak at 3.40 eVM3 in Fig. 2), very close to the
residual Cu 8 band signal, is reasonably due to

m-delocalized molecular orbitals observed in the gas-phas¢

data. The clear shoulder at 3.80 eM{ in Fig. 2) is absent
on the clean substrate, its intensity decreases with the photo
energy’’ and a similar feature is present-aB8.85 eV in the
condensed phase, deriving from the merging of two gas-
phase features. However, a similar structure observed in pre
vious photoemission data on S chemisorption or{100)
(Ref. 30 is assignedd a S interface state, thus its attribution
remains uncertain.

The two structures at 4.75 and 5.35 eV BHE4{ and Mg
in Fig. 2) are neither present in the clean surface, nor in the
condensed and gas-phase MBO data, and appear from tt
lowest coverage values. Their intensity decreases with the
photon energy, in comparison with the other structures, sc
that considerations on the atomic excitation cross section
lead us to associate them with § 8erived states interacting
with the Cu levels. Analogous clear structures are present ir
the S (Refs. 29 and 30and thiof'~3 chemisorption on
Cu(100), and we consistently attribute them to the bonding S
3p, (4.75 eV and S Py, (5.35 eV levels hybridized with
Cu states. These features, more clearlyNhepeak, present
a clear dispersion in parallel momentum, as we shall see ir
the following section, marking the importance of the MBO
interaction with Cu upon chemisorption. The previous dis-
cussion on the electronic levels and on the obsenvézl
X 2) reconstruction suggests that the sulfur atom of the

PHYSICAL REVIEW B 66, 115407 (2002

(a)

(b)

FIG. 3. Low-energy electron diffractioLEED) pattern of the

MBO molecule plays a major role in the chemisorption pro-P(22)-reconstructed MBO-G@00 system, at two different
cess with Cu at room temperature, acting as a chemical hod¢BO depositions at room temperatur@) 0.710 s (pattern image

for the regular aggregation of this molecule on the surface.

We briefly mention that the MBO chemisorption phase on
Cu(100 is stable as a function of temperature by warming
up the system up to 450 K, higher than the MBO sublimatio
temperaturg(~385 K). This spectral stability characterizes
the MBO-Cu interaction as stronger than the intermoleculag
interaction leading to the condensed phase.

(

n

taken at 93 eY, with the sketch of the main symmetry directions
and points of the (X 1) surface Brillouin zon€SBZ2); (b) 0.950 ¢

pattern image taken at 65 ¢Wote the splitting of the double-

order LEED diffraction spots for a deposition close to saturation
coverage.

ion pattern image plotted in Fig(&. However, the double-

order diffraction spots in the LEED pattern widen in streaky

segments above roughly ®Z,, which eventually develop

B. Surface symmetry and electronic band structure
of the chemisorbed MBQCu(100) system

in a double spot along the two equivaldi®01] and[010]
symmetry directions, with an increased diffused background
at saturation coveragig. 3(b)]. This double-spot pattern

The MBO molecule forms a long-range ordered structuremay arise from equivalent antiphase domains. In fact, assum-

when it is chemisorbed on the QD0 surface at room tem-

ing that the S atoms tethering the MBO molecule to the

perature, with ap(2X2) reconstruction throughout the Cu(100 surface adopt a fourfold symmetry analogous to that
whole coverage range, as shown by the low-energy diffracef S chemisorbed on the same surfate’ equivalent an-

115407
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tiphase domains can form on tH&00 surface. The an- T T T T T
tiphase domain boundaries with a random distribution of di- 0.950
mensions can give rise to the streaky LEED pattern, and to ¢ MBO/CuE'It()())
slightly different binding energy of the S core levels for at-
oms either in the domains, or at the interdomain
boundaries® Upon approaching saturation coverage at RT,
the antiphase domains compact and order, generating a dc
main commensurate superlattice that can be equivalently
present along the two surface directions, thus giving rise to
the double-spot structure along both fid®1] and[010] di-
rections. Another possible explanation of the spot doubling =
in the LEED pattern may be the presence of commensurate §
missing rows of the adsorbed molecules in equivalent do- g
mains along the two symmetry directions. A conclusive as- &
signment deserves specific structural investigation of the”
molecule adsorption geometry. :

An AR-HRUPS experiment has been carried out at the
p(2x2) ordered 0.98.,; MBO layer chemisorbed on
Cu(100 at room temperature, along the two main symmetry o
directions of the (X 1) SBZ[I'X andI'M, sketched in Fig.
3(a)]. A selection of these AR-HRUPS spectra is plotted in
Fig. 4, while a pictorial view of the data is shown in Fig. 5 in
a projected three-dimensional plot, as a function of the pho-
toelectron collection polar angle along the two azimuthal di-
rections. Lines superimposed on the image correspond to thi
main peak positions; in particular, the molecule-induced
states are labeled &8; peaks.

After a comparison of these energy-dispersion data with
the measured clean Ci00) projected band structure, we ob-
serve the disappearance of the Cu surface states, particular .
the Tamm and Schockley surface pedké® The residual 6 5 4 3 2 1 0
signal of the Cu projected bulk structure, namely, the re- Binding Energy (eV)
sidual s-p dispersing band with an almost parabolic shape,
some less dispersive features due to the @wands in the
2—-4 eV BE range, andslike states at higher BE are re- FIG. 4. Angular-resolved high.-re.solution UlHe| photon en-
ported with white dots in Fig. 5. The molecule-induced ander9¥:  20.218 ey photoemission data of 0.8y
MBO-Cu interaction states, well identified at thex1)  2-MercaptobenzoxazolMBO) chemisorbed on G&00 at room
SBZ boundary, are resonant with the Cu projected bu"gemperature(298 K), as a function of the photoelectron emission

. = . angle (from 0° to 69° polar angle alongM, and from 0° to 42°
bands in the vicinity of". In the low BE region, apart from gle( == P g y

: . polar angle alond™X). Selection of spectra, with the indication of
the Cuspband, we can observe the nondispersive MEQ the corresponding main SBZ directiofthick-line spectra approxi-

level (~1.5 eV BE atT'). _ _ mately correspond to thel and X points.
Generally, all the molecule-induced states present a tiny

dispersion, indicating a rather localized nature of the elecnot straightforward, however they can be due to an interac-
tronic levels. The lowest BE level ib1;, whose origin is tion orbital of the molecule with the substrate. The electronic
based on the interaction between the S atom of the MBQtate M, is clearly distinguishable at the SBZ center and
molecule and the substrate atoms, with hybri(_jization ofalong thel'M direction, and due to the presence of the MBO
S 3p—Cu 3d,4s bonds, and majod-orbital contributionM,  molecule. A structure at the same energy is also present in
is a structure due to MBO molecular orbitals, associated tgne gas-phase MBO data, and a similar peak has been ob-
w-like levels extending throughout the whole SBZ, aid  served at the S/GuO00) interface®® Though its origin is un-

is an MBO derived level, partially hidden by thebands  certain, due to its slight energy dispersion we tentatively at-
towards thel’ point, probably related to the 3.56-eV gas- tribute it to an S-Cu interface state.

phase molecular orbital. These two orbitald{andM;) are The most interesting MBO-Cu electronic states &fe
delocalized within the single molecule, while only a very and Mg, whose energy dispersion can be clearly observed
tiny intermolecular interaction can be invoked for them,along thel'X direction. As previously discussed, we assign
given their low dispersionM,, M, and M. can be as- bhoth to S % derived states interacting with the Cu bands.
signed to the presence of MBO, as Cu does not present arsheir energy dispersion is plotted in Fig. 6, as a function of
state in this energy range at tive point of the SBZ, where the parallel momenturk; along thel’X symmetry direction
these levels are more evident. The origin of these levels isf the (1X1) SBZ. In particular, we can clearly follow the
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FIG. 5. Energy-band dispersion of the MBO-induced states at  w
0.959 ¢, p(2X2) MBO/CU100 as a function of the polar angle
[negative angles correspond to th¥ direction, positive angles to
the'M direction of the (X 1) SBZ. Projected three-dimensional
plot, with the intensity represented in false gray scale, and the mair
peak position reported as data poirishite points, Cu bulk-
projected bands; black dots, molecule-Cu interaction stafdse :
highest-intensity bands in the 2.2—3.5 eV binding energy range are RN | I R | [ DR .
due to the Cu projected bulk states. 1.25 1.00 0.75 0.50 0.25 0.00

5.50

-1
Mg dispersion alond’X, where no any other Cu derived Wavevector K, A%
structures are present, while the; dispersion is affected by FIG. 6. Energy-band dispersion of ti\s and Mg electronic
a larger erro(+50 meV). The Mg energy band presents an levels of 0.78 s, p(2x2) MBO/CU100), as a function of the par-
evident symmetry with respect to half the 1) SBZTX allel momentumk; along the main symmetry directidnX of the
direction, as shown in Fig. 6, with a bandwidth of (120 (1*1) SBZ.

+15) meV. The symmetry doubling in the real space is inggsorption of condensed MBO. The role of S as a tethering
agreement with the observe{2X2) reconstruction of the  4gentin the process of MBO chemisorption has been brought
MBO-Cu(100 system. The energy dispersion of the o jight, by studying the interaction of its orbitals with the
molecular-induced states clearly indicate a moleculeynople-metal substrate. We identify MBO-derived electronic
molecule interaction via the S atoms bonded to the Cu SUlfevels presenting a definite energy-band dispersion of 120
face, so as to determine a substrate-mediated molecular ifseV, with doubled symmetry in the reciprocal space along

teraction. A previously reported angular-resolvedihe syrface Brillouin zonéin agreement with the observed
photoemission study g¥(2x2) sulfur adsorbed on QUOO 5% > reconstructiop suggesting a molecule-to-molecule in-

could not determine any clear dispersion below 200 eV, teraction mediated by the bond to the substrate surface at-
nor band dispersion was evidenced by previous ARUP$ s The molecule contains an S atom, whose interaction
studies on organic thiols chemisorbed on metal surfaces. TQith the noble-metal surface for establishing bond, order,
our knowledge, this is a striking experimental evidence thagng extended electronic state formation can be addressed as a
organic monolayers of oligomers, long-range ordered at eneral feature of chemisorbed thiols and thiol-like mol-
single crystalline surface, induce extended electronic ban@.es. Moreover. the high-resolution ARUPS proved to be
formation. the best suited and tailored spectroscopic technique for the
direct determination of molecule-induced energy-band dis-
IV. CONCLUSIONS persion at ordered layers of chemisorbed organic molecules.
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