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Abstract

In the framework of this thesis the exciton and polaron dynamics in thin oligo- and
polythiophene films have been investigated. Two-photon photoemission (2PPE) has
been employed to study the electronic structure as well as the exciton formation,
relaxation and decay dynamics in the oligothiophene films and at their interface
with Au(111). Performing coverage, photon-energy-dependent and time-resolved
experiments on sexithiophene (6T)/Au(111), we found that a photoinduced electron
transition between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) is essential in order to observe the population
of a Frenkel exciton that takes place within 100 femtoseconds (fs). In thin 6T films
the exciton exhibits a lifetime of 650 fs. On a timescale of 400 fs an energetic
stabilization is observed resulting in the formation of a polaron or electron trapping
at defect states. The lifetime of this state is 6 picoseconds (ps). Moreover, beside the
intramolecular relaxation channel of the exciton and the polaron/trap, a substrate-
mediated relaxation channel exists.

In order to investigate the influence of the adsorption geometry on the excited state
dynamics, we have studied an alkyl-substituted 6T, namely o, w-dihexylsexithiophene
(DH6T) on Au(111). The exciton and polaron/trap dynamics is 5-6 times faster in
DH6T compared to 6T. We believe that the wall-brick-like adsorption geometry of
DHG6T is responsible for this behavior. Indeed, the alkyl chains in DH6T act as
spacers between the 6T cores of neighboring molecules, thus reducing stabilization
effects due to intermolecular interactions.

Furthermore, by means of scanning tunneling microscopy (STM) and surface vibra-
tional spectroscopy we have demonstrated a change in the adsorption geometry of
a-octithiophene (8T) on Au(11l), from flat-lying in the submonolayer to a tilted
geometry with the long axis parallel to the substrate in the monolayer. This tilted
configuration leads to a strong electronic decoupling between the Frenkel exciton and
the metal substrate, leading to the suppression of the substrate-mediated relaxation
channel in 8T /Au(111).

Finally we have applied time-resolved 2PPE to study the hot electron dynamics in
poly(3,4-ethylene-dioxythiophene): poly-(styrenesulfonate) (PEDT:PSS) and the ex-
cited state dynamics in regioregular poly(3-hexylthiophene) (RR-P3HT). The latter
shows a biexponential decay, with the fast component (2.6 ps) assigned to bound
polaron pairs which recombine quickly or separate to be added to the slow compo-
nent (7.6 ps) that is attributed to polarons generated via charge transfer between
adjacent polymer chains.

The present study shows that 2PPE is the ideal tool to study the dynamics of excited
states in small organic molecules as well as in polymers. Therefore this method
promises to provide a link between optical and electron spectroscopy.
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Deutsche Kurzfassung

Im Rahmen dieser Arbeit wurden die Exziton- und Polarondynamik in diinnen
Oligo- und Polythiophenfilmen untersucht. Dabei wurde mithilfe der Zwei-Photonen
Photoemission (2PPE) sowohl die elektronische Struktur, als auch die Bildungs-
, Relaxation-, und Zerfallsdynamik von Exzitonen in diinnen Oligothiophenfilmen
und an der Grenzfliche mit der Au(111)-Oberfache untersucht. Bedeckungs- und
photonenenergieabhangige Messungen, sowie zeitaufgeloste Experimente an a-Sexi-
thiophen (6T)/Au(111) haben gezeigt, dass ein Ubergang vom héchsten besetzen
Molekiilorbital (HOMO) zum niedrigsten unbesetzten Molekiilorbital (LUMO) fiir
die Population eines Frenkel-Exzitons unerlasslich ist. Die Bildung dieses Exzitonzu-
standes erfolgt auf einer Zeitskala von 100 Femtosekunden (fs), und weist in diinnen
Filmen eine Lebensdauer von 600 fs auf. Des Weiteren wurde eine energetische
Stabilisierung dieses angeregten Zustandes innerhalb von 400 fs beobachtet, welche
von der Bildung eines Polarons oder eines an Defektstellen gebundenen Elektrons
herrithrt. Dieses Polaron/gebundenes Elektron verfiigt iiber eine Lebensdauer von
6 Picosekunden (ps). Es existiert ein intramolekularer und ein substrat-induzierter
Zerfallskanal.

Um den Einfluss der Adsorptionsgeometrie auf die Dynamik der angeregten Zustdnde
zu untersuchen, wurden Experimente mit dem alkylsubsituierten 6T, ndmlich «, w-
Dihexylsexithiophen (DH6T) auf Au(111) durchgefiihrt. Im Vergleich zu 6T zerfallen
das Exziton und das Polaron/gebundenes Elektron 5-6 mal schneller. Wir gehen
davon aus, dass die Adsorptionsgeometrie von DH6T fiir diese schnellere Zerfalls-
dynamik verantwortlich ist. In der Tat vergrossern die Dihexylketten den Abstand
zwischen den Thiopheneinheiten benachbarter Molekiile und reduzieren dadurch die
stabilisierenden intermolekularen Wechselwirkungen.

Dariiberhinaus haben wir im Falle von a-Octithiophene (8T)/Au(111) mittels Raster-
tunnel Mikroskopie (STM) sowie schwingungsspektroskopisch eine bedeckungsabhén-
gige Anderung der Adsorptionsgeometrie beobachtet. Wihrend die 8T Molekiile im
Submonolagenbereich flach auf Au(111) adsorbieren, nehmen sie ab Bedeckungen von
einer Monolage eine Adsorptionsgeometrie ein, in der das Molekiilriickgrat parallel
zur Oberflache verkippt ist. Diese Konfiguration fithrt zu einer starken elektronischen
Entkopplung des Frenkel-Exzitons von der Metalloberflache, was zur Unterdriickung
des substrat-induzierten Zerfallkanals fiithrt.

Schliesslich haben wir mittels zeitaufgeloster 2PPE die Dynamik heisser Elektro-
nen in Poly(3,4-ethylen-dioxythiophen): Poly-(styrensulfonat) und die Dynamik an-
geregter Zusténde in regioregularen Poly(3-hexylthiophen) (RR-P3HT) untersucht.
Letztere weist einen biexponentiellen Zerfall auf. Die schnelle Komponente (2.6 ps)
wird gebundenen Polaronpaaren zugeordnet, welche entweder schnell rekombinieren
oder sich separieren. Die langsame Komponente (7.6 ps) wird Polaronen zugeordnet,
welche durch einen Ladungstransfer zwischen benachbarten Polymerketten entste-
hen.
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1 Introduction

1.1 Motivation

Nowadays, one of the greatest challenge mankind is facing is the energy production.
The global energy needs will increase, and new resources have to be found. Moreover,
these new energies should be clean and sustainable in order to prevent for a dramatic
climate change. In this context, the sun will clearly have to play an important role.

Solar energy can be used in two different ways. On the one hand solar thermal
systems use sunlight to heat water that can be utilized in diverse applications like
for water treatment, heating or even electricity production. On the other hand, and
this will be the focus of this work, the photovoltaic effect allows for direct conversion
of light into electrical power. The photovoltaic effect was first observed in 1839 by
Becquerel who, while experimenting with a solid electrode in an electrolyte solution,
observed a voltage developing when light shines on the electrode [1]. However, the
development of this technology really started in 1954 when Chapin and coworkers
reported on a silicon-based p-n-junction device with solar power conversion efficiency
of 6% [2|. Strong effort put into the research and development over the last 60 years
has permitted constant increase of the solar cell efficiency, reaching 43.5% in 2012
with a device based on indium, gallium and arsenic and phosphore in the active layers
[3]. However, other semiconductors are attracting much interest in order to reduce
the cost for electricity production. In particular, since the discovery of conductive
polymers in 1977 by Shirakawa, MacDiarmid and Heeger [4], organic optoelectronic
has subsequently developed into a research field of great importance for chemists as
well as physicists. In 1986, Tang fabricated an organic photovoltaic cell with 1% ef-
ficiency [5]. Further development of high-purity conjugated polymers and molecules,
as well as new device architectures have allowed to increase the efficiency of the

Figure 1.1: Organic photovoltaic cell from the company Konarka [6].



1.2 7-conjugated molecules and polymers

organic photovoltaic cells (OPVCs) up to 10.7% [7]. Although they possess fairly
low energy conversion efficiency, OPVCs offer several technological advantages [8]
such as their low material costs, ease of processing, possible application on flexible
substrates like represented Fig. 1.1 and chemically tunable optoelectronic proper-
ties. There are in principle two classes of organic semiconductors available: small
organic molecules and polymers. The latter is expected to have higher potential for
real low cost production due to the fact that homogenous thin polymer films can
be spin casted from solution, while on the other hand small molecules are thermally
evaporated onto the substrate under high vacuum conditions and offer the possibil-
ity to prepare well-defined ultrathin films with low degree of structural and chemical
disorder [9).

1.2 m-conjugated molecules and polymers

Organic 7-conjugated molecules and polymers are carbon based compounds showing
semiconducting properties. A common structural property of organic semiconductors
is the alternation of single and double bounds between carbon atoms. This zigzag
backbone (see fig.1.2 (a) ) usually adopts a planar conformation. Carbon atoms
are sp® hybridized. The 2s orbital is mixed with only two of the three available
2p orbitals, with one p-orbital remaining, commonly denoted as p,. As seen fig.1.2
(a) p. orbitals form an electron cloud above and below the molecular plane, and
neighboring p, orbitals can overlap resulting in an extended w-system along the
whole molecular chain. Therefore, electrons in this w-orbital do not belong to one
atom but to the whole n-system and are spatially delocalized. However, due to the
different bond length of the single and double bond, the Peierls instability splits this
band into two sub-bands, a completely filled valence band and an empty conduction
band, separated by an energy gap. Hence the material is a semiconductor. The
highest occupied (HOMO) and the lowest unoccupied (LUMO) molecular orbitals are
often denoted as n- and #*- orbitals in 7-systems, respectively (see fig.1.2 (b)). The
energy difference between HOMO and LUMO referred as a band gap, typically values
between 1.5 and 3.5 eV [10]. The transport gap corresponds to the gap measured
when one electron is missing in the HOMO and one electron more is located in the
LUMO.

Lf

C\ Cx . Cx /C\ . H Tom
e C C C

Figure 1.2: a) Schematic representation of p, orbitals overlap in a conjugated seg-
ment of a polymer. b) Bonding 7 and untibonding #* orbitals of the primary
conjugated molecule - ethylene [11].



1.3 Excitons and polarons: definitions

By means of doping, a semiconducting compound can be made conductive. For in-
stance, doping of poly(3,4-ethylene- dioxythiophene) (PEDT), which is a thiophene-
based semiconducting polymer, with poly(styrene-sulfonate) (PSS), makes the mix-
ture a good conductor. PEDOT:PSS offers many advantages over other conducting
polymers because of its simple processing ability, film-forming properties, optical
transparency, good mechanical strength, and atmospheric stability [10]. A study of
the hot electron dynamics in PEDT:PSS is presented in this work.

1.3 Excitons and polarons: definitions

e Frenkel excitons

When a photon of sufficient energy is absorbed by a w-conjugated molecule, an
electron undergoes excitation from the 7 to the «* orbital, creating a neutrally
charged quasi-particle called Frenkel exciton (see fig. 1.3). An exciton is an electron-
hole pair bound by Coulomb interaction. The dielectric constant of organic material
being small, the Coulomb interaction is strong and therefore Frenkel excitons are
relatively small. A momentum-dependent electron energy-loss study of the electronic
excitations in a-sexithiophene (6T) [12] has shown a localization of the exciton on
one molecule. Moreover, Frenkel excitons have a high binding energy usually between
0.2 and 1.4 eV [13].

¢ Mott-Wannier excitons

In contrast, in inorganic semiconductors, the dielectric constant is generally large.
Consequently, electric field screening tends to reduce the Coulomb interaction be-
tween electrons and holes. As a result, the Mott-Wannier excitons created in this
class of materials have a larger radius, and have a small binding energy typically
in the order of 0.01 eV. Therefore they can separate easily at room temperature,
because their binding energy is in the order of kT (kp is the Boltzmann constant
and T is the temperature) at room temperature (25 meV) [14].

e Charge-transfer excitons

LUMO = + -

- + T + —<—+\D/
ANV AN
ex(;aitrogr?- ranster - /_ \ - $
+ L

Frenkel
exciton

‘ HOMO Negative polaron Positive polaron

Figure 1.3: Schematic representation of a Frenkel exciton, a charge-transfer exciton
as well as negative and positive polarons [15].



1.4 Organic photovoltaic cells

When an electron transfer takes place at the donor/acceptor interface (see fig. 1.3),
the difference between the LUMO levels generates an energetic driving force to sep-
arate the positive and negative charges. However, due to the low dielectric constant,
the charges can still interact across the interface, forming a charge-transfer (CT)
exciton. Its binding energy can be in the order of a few hundreds meV [16]. It is
important to notice that there is not one but a series of CT excitons approaching the
conduction band minimum, in the same fashion than the energy levels of a particle
in a box [17], see the schematic representation of a CT exciton in Fig. 1.7.

e Polarons

A polaron is a quasi-particle composed of a negative (negative polaron) or positive
(positive polaron) charge and its polarization field (see fig. 1.3) [18]. Moving through
the compound, the charge carries the lattice distortion with it. Polarons have a strong
coupling with phonons.

1.4 Organic photovoltaic cells

The energy conversion in OPVCs follows a five-steps mechanism, as schematically
shown in fig.1.4:

1. The absorption of photons in the donor material induces an electron excitation
from e.g. the highest occupied molecular orbital (HOMO) of the molecule,
(respectively the valence band (VB) of the polymer), into the lowest unoccu-
pied molecular orbital (LUMO) (respectively the conduction band (CB)). Thus
leaving a hole in the HOMO (or VB).

@ — Evac

F mmml P _ EF
O\j\VB/HOMoO
\’/

Anode Donor Acceptor | Cathode

Figure 1.4: Schematic depiction of the processes in a bilayer organic photovoltaic
cell. Five-steps mechanism of photogeneration and charge collection in an OPVC:
1) excitation of an electron by light absorption, 2) exciton generation, 3) exciton
diffusion, 4) seperation of electron and hole at the donor-acceptor interface and 5)
charge extraction. Adopted from [19].



1.4 Organic photovoltaic cells

2. Due to the attractive Coulomb force interacting between the electron and the
hole, an exciton will be generated. The formation of the exciton after optical
excitation in thiophenes will be intensively studied in this thesis.

3. The exciton diffuses towards the donor/acceptor interface.

4. In comparison to excitons produced in inorganic semiconductors, in organic
materials their binding energy is typically much higher, therefore an acceptor
material is needed to facilitate the separation of the electron and hole at the
interface with the donor material.

5. Finally, due to the difference of work function between the anode and the
cathode materials, the induced internal electric field will favorize the diffusion
of the two charge carriers generated at the interface toward their respective
electrode where they will be extracted from the device.

In the following, the electronic and optical processes that take place during the
operation of a solar cell will be described in more details.

e Optical absorption

As seen above, the first step towards energy conversion in OPVCs is the absorp-
tion of light, resulting in bound electron-hole pairs called Frenkel excitons [20]. -
conjugated systems typically provide absorption efficiencies close to 100% in 100
nm thin films [21]. However, in contrast to inorganic semiconductors that can ab-
sorb a continuous spectrum of light, organic materials have well-defined electronic
transitions that are typically quite narrow. For instance, the major inconvenient of
poly(3-hexylthiophene) (P3HT), that is a common electron donor material, is the

Back cell
(Visible region
absorption)

.“
PCP(;IBT:PCBM " Front cell Tandem cell
REREIRS S (Infra-red region

g.?ss absorption)

Figure 1.5: Device structure of the all solution processible polymer tandem so-
lar cell. The back cell is a composite of poly(3-hexylthiophene) (P3HT) and
[6,6]-phenyl-C71 butyric acid methyl ester (PC70BM). The front cell is a com-
posite of composite of poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta|2,1-b;3,4-b’]
dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)| (PCPDTBT) and [6,6]-phenyl-C61
butyric acid methyl ester (PCBM) [23].



1.4 Organic photovoltaic cells

poor matching of its absorption spectrum with the solar emission spectrum. The ab-
sorption is limited to wavelenghts below 650 nm, and as a consequence it is only able
to collect around 20% of the solar photons [22]. Moreover, hot charge carriers created
upon photon absorption relax down to the conduction band of the photoactive ma-
terials, giving rise to the so-called thermalization [24]. One way to circumvent this
effect is the realization of a tandem solar cell. Hence, a combination of various differ-
ent materials can help to cover more efficiently the emission spectrum of the sun. For
instance, the absorption bands of poly|2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta|2,1-
b;3,4-b’] dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)| (PCPDTBT) and P3HT com-
plement each other and these two materials cover the spectral region from 400 nm
to nearly 900 nm. The maximum efficiency, reported so far, of a cell based on this
combination of materials, see fig.1.5, was 6.5% with a 3% efficient back cell and a
4.7% efficient front cell [23].

e Exciton migration

Tang et al. [5] were the first to use the double-layer photovoltaic (PV) structure to
favorize the exciton dissociation at the interface between an electron donor and an
electron acceptor material. Later, Sariciftci et al. applied this double-layer technique
to a conjugated polymer PV cell by evaporating Csg on top of a spin-cast poly|2-
methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene| (MEH-PPV) film [25]. In this
cell excitons are photogenerated in the polymer layer upon absorption of the visible
light. Subsequently, the excitons migrate in the polymer film by hopping between
conjugated segments of the polymer chains. When reaching the polymer/Cg hetero-
junction, an electron is transferred to the high electron affinity Cgg layer. As a next
step, transport of the photogenerated holes and electrons (holes in the polymer and
electrons in the fullerene) takes place, followed by charge collection at the electrodes.
While the initially reported bilayer device produced 1.2% EQE (external quantum
efficiency, electrons collected per incident photon), Halls et al. reported 9% EQE
with the same materials by optimizing the thickness of the polymer and fullerene
layers [26]. These experiments also revealed that the excitons in this device need to
be generated near the interface to allow dissociation to occur before recombination.
Effectively, the exciton diffusion length in small organic molecules and polymers is in
the order of around 3 to 100 nm [21], while >100 nm thick layers are needed to ab-
sorb the light efficiently. To circumvent the problem of the limited diffusion length
of the exciton, a solution is to blend the donor and acceptor materials as shown
fig.1.6 (b). This interpenetrating network allows for an increase of the layer thick-
ness while maintaining a short exciton diffusion path toward the interface. In order

g cathode W cathode

acceptor dceopial

Figure 1.6: Device structure of a) a planar heterojunction and b) a blend
heterojunction.
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to optimize this structure it is important to control the degree of phase separation in
the blend. Codeposition of the two materials generally leads to a high intermixing
of the species, followed by a kinetic process of phase separation. Therefore, con-
trolling the kinetic energy given to the system it is possible to increase or decrease
the phase separation. For instance, after optimization of the mixing ratio and an-
nealing temperature, a maximum power conversion efficiency of 1.5% was achieved
with a solar cell based on a copper phthalocyanine:perylene-3,4,9,10-tetracarboxyl-
bis-benzimidazole (CuPc:PTCBI) blend, whereas only 0.013% was obtained in the
as-grown bulk heterojunction device [21].

e Exciton dissociation

It is commonly accepted that in small organic molecules and polymers photon ab-
sorption leads to the formation of Frenkel excitons, which are the primary photoexci-
tations. At an interface, the exciton is ionized in a process leading to the generation
of charge-transfer excitons (CT excitons, see fig. 1.7), and free charge carriers.

Such CT excitons have been observed with two-photon photoemission spectroscopy
(2PPE), for instance in pentacene/Bi(111) [17] with binding energy up to 0.5 €V.
Thus, the binding energy of a CT exciton is 1 order of magnitude greater than kT’
at room temperature. Therefore the question is: how can the electron-hole pair
escape this Coulomb trap in a successful photovoltaic device? Zhu and coworkers
[17] have emitted the theory that efficient charge separation at an organic donor/ac-
ceptor (D/A) interface must involve hot CT exciton states, as shown schematically
in fig. 1.7. The decay of an exciton in the donor into a CT exciton accross the
interface is a downhill process. Thus the excess energy involved in this process is
favorable to the creation of a hot CT exciton. Then, the thermalization of the hot
CT excitons followed by charge-recombination (CR) will compete with the exciton-
dissociation (CD). The rate must be maximized while charge-recombination must
be suppressed. As an example, a theoretical comparison as been made between
the exciton-dissociation and charge-recombination rates in sexithiophene (6T)/Cso
and in 6T /perylenetetracarboxydiimide (PDI) [27]. By means of quantum chemical
methods the electronic couplings, the CR and CD rates have been evaluated for these
two system. The results show that, in comparison with the 6T/Cgsy complex, the
decay of the lowest CT state to the ground state in the 6T /DPI complex is much
faster. Therefore explaining the poorer efficiency in the latter, despite its good elec-
tron accepting properties, large exciton diffusion lengths and high electron mobilities
[27].

1.5 Outline

In the framework of this thesis, using time- and angle-resolved 2PPE, we have inves-
tigated the electronic structure of and the electron dynamics in three m-conjugated
thiophene based molecules that are potential candidates as the electron donor materi-
als in OPVC, namely a-sexithiophene (6T), a-octithiophene (8T), ar, w-dihexylsexithiophene
(DH6T). Additionally, we have applied our expertise gained on small molecules
to two thiophene based polymers, an intrinsic conductive polymer, the poly(3.4-
ethylenedioxy- thiophene)-poly(styrenesulfonate) (PEDT:PSS), and a electron donor
material for OPVCs, the regioregular poly(3-hexylthiophene) (RR-P3HT). The main
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goal of this work was to investigate the impact of the difference in the adsorption
geometry of different thiophene based materials on their electronic properties, par-
ticularly on the exciton and polaron dynamics.

At first we will introduce the electronic structure of 6T determined experimen-
tally. We will show that the lowest unoccupied molecular orbital (LUMO) is probed
through negative ion resonance, meaning that an electron from the metallic sub-
strate is transfered to the LUMO after excitation with the first pulse, and probed
with the second pulse, allowing measurement of the transport gap of the molecule,
being 2.9 eV. Moreover we have recorded the full lifecyle of the Frenkel exciton from
its population following a HOMO-LUMO transition upon its separation into a po-
laron or a trap or decay through two, an intrinsic and a substrate-mediated coverage
dependent, relaxation channels. The binding energy of the Frenkel exciton is 0.9 eV
and the lifetimes of the exciton and the polaron/trap in the bulk are 600 & 60 fs and
6 4+ 0.6 ps, respectively.

After investigation of the exciton dynamics in 6T we have chosen to comparatively
study DH6T, that is a 6T molecule with an hexyl chain at both ends, inducing a
spatial separation between the neighbor 6T units. We will show that the exciton
dynamics is by a factor 5 to 6 faster in DH6T than in 6T. Based on STM measure-
ments performed on thin DH6T films, we assign this faster dynamics to the different
adsorption geometry. In DH6T the brick-wall-like structure minimizes the overlap
between thiophene units of neighboring molecules, and therefore the stabilization
by polarization of adjacent molecules, and maximizes the space between molecules
promoting more efficient quenching by the metallic substrate.

Further on we have studied 8T. It is known that it is possible to tune the electrical
properties of oligothiophene by varying the chain length. It has already been ex-
perimentally shown by means of a high resolution electron energy loss spectroscopy
(HREELS) (28] that the band gap of oligothiophenes decreases when increasing the
chain length. 8T is so far the longest unsubstituted oligothiophene synthesized. De-
spite its geometrical and electronic similarity with 6T, we will show that the exciton

LUMO

Eex,Dt

Figure 1.7: Dissociation of a Frenkel exciton in the donor to form the 1s or hot CT
excitons across the donor/acceptor interface [17].
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dynamics in 8T differs strongly compared to the one of 6T. We found that in 8T the
lifetime of the Frenkel exciton is independent on the film thickness, in contrast to
6T in which the exciton lives longer when created further away from the metal sub-
strate. Combining surface vibrational spectroscopy, scanning tunneling microscopy
(STM) and 2PPE we will show that in contrast to the flat lying 6T molecules, 8T
molecules adopt a tilted configuration on Au(111), with the long axis parallel to the
surface in the first monolayer allowing for m — 7 interaction. Therefore, due to the
tilted adsorption geometry the exciton, that has been shown to localize on one single
molecule [29]), can not relax into the metallic substrate. The binding energy of the
Frenkel exciton is 0.9 eV and the lifetimes of the exciton and the polaron/trap in the
bulk are 300 + 30 fs and 3.5 + 0.5 ps, respectively.

As indicated above, there is a second class of organic materials that offers high
potential for true low cost devices: the polymers. Transparent electrodes are needed
for OPVC applications and PEDT:PSS is until now the most promising material to
be used as the electrode in organic optoelectronic devices [30]. Therefore we will
present a study on the electron dynamics after photoexcitation of PEDT:PSS and
compare it with gold. We will show that the lifetime measured for excitations greater
than 1.5 eV above the Fermi level are comparable.

Finally we will present a study of a photoexcited state observed in P3HT, a polymer
used in the solar cells offering the best ECE until now [31], and show that we could
monitor the creation of a bound polaron with a lifetime of 3+0.5 ps and its separation
into two polarons of opposite sign localized on two adjacent polymer chains and living
8+ 1 ps.

In conclusion, in this work we will demonstrate that 2PPE is a powerful tool to de-
termine important parameters for OPVCs. The work function of the different layers
as well as their electronic structure, including the HOMO, the LUMO and the exci-
ton energetic position and dynamics, can be measured. The knowledge about these
parameters is needed for better understanding of the different elementary processes
in OPVCs and their optimization.
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2 Experimental Details

In the framework of this thesis we have investigated the exciton formation and decay
dynamics in several organic molecules and polymers by means of time-resolved two-
photon photoemission spectroscopy (TR-2PPE). Therefore, the laser system used
for this study, the energy dependent measurements allowing for assignment of a
feature to occupied or unoccupied state, as well as the treatment of the time-resolved
measurements will be shortly introduced in this section.

2.1 Laser System

The laser system (fig.2.1) used for the 2PPE and ultraviolet photoemission spec-
troscopy (UPS) experiments contains mainly commercially available components
from Coherent, such as the Verdi V18 pump laser, the MIRA 900B seed oscillator,
the regenerative amplifier RegA 9050 and the optical parametric amplifier (OPA)
vis-OPA 9450.

Both the MIRA 900B seed oscillator and the RegA 9050 are pumped at 533 nm
by the Verdi V18. The MIRA seed oscillator contains a Ti:sapphire (titan doped
corundum, Ti** : Al,O3) crystal and provides ultrashort laser pulses with a pulse
length of 40 fs at a repetition rate of 80 MHz and a pulse energy of 2 - 3 nJ. Its
central wavelength, which is tunable between 770 and 830 nm, is usually set to 800
nm.

Before amplification in the RegA, the pulses are stretched in order to minimize their
high peak power that could damage the optics of the RegA, in which they are am-
plified at a repetition rate of 300 kHz to pulse energies of 6 - 7 uJ and subsequently
guided back into the stretcher/compressor unit where they are compressed again to
approximately 50 fs. High focus and short pulses are crucial in the following for the
generation of the different photon energy needed for this study and involving several
non-linear processes.

The pulses generated that way can be frequency doubled, once (3 eV) or twice (6
eV), or be used as the input of the OPA generating pulse in the visible range between
1.7 and 2.6 eV that can be frequency doubled to access UV range between 3.4 and
5.2 eV. Therefore, tuning the wavelength to access the state of interest is possible.

The laser system has been described in details in the PhD thesis from S. Hagen
[32].

11
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Figure 2.1: Schematic set-up of the laser system adapted from [32].

2.2 Photon energy dependent measurements

A very important advantage of two-photon photoemission (2PPE) spectroscopy over
direct photoemission is the possibility to investigate occupied as well as unoccupied
electronic states. In 2PPE the first photon excites an electron into a real or virtual
intermediate state located between the Fermi level Er and the vacuum level E,q.
of the investigated system, which is subsequently ejected over F,,. with the second
photon. The kinetic energy of the emitted electron will be measured, and depending
on the photoexcitation scheme we will be able to assign its origin to an initial, an
intermediate or a final state (see fig.2.2) as explained in the following. In order to
simplify the explanation, we give examples for one-color 2PPE in which the first and
the second photon possesses the same energy. However, in order to address the states
of interest it is often useful to use two photons of different energies, but the results
can be easily extrapolated from the given method.

In the case of an occupied initial state, the energy of two photons will be trans-
fered to a bound electron located in the occupied region of the system, allowing it
to overcome the work function. In order to model this process theoretically an in-
termediate virtual state of infinitesimal lifetime has to be introduced. Varying the
photon energy used to probe this state, the electron possessing the same initial state
energy, the signal scales with twice the photon energy difference AE = 2Ahv like
seen fig.2.2 (a).

Moreover, as mentioned above, 2PPE gives the possibility to observe intermediate
states located between Fr and F,... In this case the first photon excites an electron
directly (b) or indirectly (d) into an unoccupied intrinsic state of the investigate
system. In the latter an intermediate state of higher energy is excited directly and
decays through scattering events into the investigated state before the second photon
ejects the electron above Fy... In both cases the energy of the emitted electron
is independent of the energy of the first photon and scales only with the energy
difference of the second photon, therefore AE = Ahv.

Finally, electronic states located above F,,., so-called final states, can be excited
directly or indirectly as well. The electron is emitted through auto-detachment

12
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Figure 2.2: Excitation schemes in 2-photon photoemission with yellow circles mark-
ing the corresponding probed states. Their distinct photon energy dependencies
can be used to analyze the experimentally obtained spectra. Therefore the sample
is probed with at least two different photon energies (hry and his). According to
the kinetic energy shift (AE) of the peaks observed in the spectra those can be
assigned to either initial, intermediate or final states. For details see text adopted
from [32].

processes and is therefore independent of the photon energy used to excite the system,
therefore AE =0

2.3 Time-resolved experiments

The title of this thesis already puts the focus of this work on the population and
decay dynamics of an exciton created in the molecules. Therefore it is necessary
to explain here to the reader how the results of the time-resolved experiments have
been treated. In order to study the lifetime of populated intermediate states the
femtosecond pump and probe pulses can be delayed with respect to each other by
changing the optical path length of one of the beams. Several measurements are
performed with constantly increasing the time delay between the two laser pulses
yielding so-called 2D-plots seen in the results section p. 22, and allowing us to
observe the decay of population of intermediate states, for instance the decay of the
excitons investigated in this work.

The population decay of an intermediate state can be described by a set of classical,
coupled rate equations, employed to describe this optically coupled 3-level system
(see fig.2.3 (a)):

fi = — |Vir(t,7)|° ni + Ting (2.1)
i = |Vie(t, 7) > 1 — [Viep (8, 7)[* g — Ty, (2.2)
fnp = = Vi (6,7 1 (2.3)

13
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Figure 2.3: Schema of a 3- and a 4-level system with initial, intermediate and final
states, after [19]. (a) Decay scheme of a 3-level system. (b) Decay scheme of a
4-level system: the population ny ; fills the population nj 2 with a rate I'12, while
both states are probed and decay with I'; and I'y into the ground state.

See PhD thesis of P. Kirchmann [33] for a complete description of the integration of
the Bloch equations leading to these rate equations.

The population densities of the initial state ¢, the intermediate state & and the final
state f are denoted by n,. The probability for the transition x — y in the presence
of the optical field is given by |me|2 and the pump-probe delay by 7. T'; is the decay
rate from the intermediate to the ground state, £ — 4.

When the excitation density is small (typically the case for excitation densities that
don’t create damage during 2PPE experiments) n; is considered constant and |V}, f|2
is neglected.

The 2PPE intensity for the intermediate state & is:

IPPPE (1) & / dt Fxc(t — 7)Ry(1) (2.4)

with F'xc representing the envelope of the two laser pulses. Experimentally Fx¢ is
determined by measuring the time evolution of the signal arising from a state with
infinitesimal lifetime where Ry (1) = 6(¢). Thus, for a 3-level system with a finite
lifetime of the intermediate state the response function is given by:

1
Ri(t) = 0(t) n¥e Tiiwith Ty = — (2.5)
71
which describes the exponential decay of the initial population density ngo) =n(t =

0) of the intermediate state k with a lifetime of 71. ©(¢) denotes the Heaviside
function. Later in this thesis, this function is used to determine the decay rate of
the hot electrons in PEDT:PSS.

However, as we will see later, the exciton can separate into a polaron. Therefore the
3-level model is not correct in this case and we have to introduce an additional level.
Neglecting the optical coupling of k1 and ko by the laser field, the rate equations for
the population densities are:

14
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n1(t) = —(T2 +T1)na(?) (2.6)

na(t) = —ana(t) + Tiang (t) (2.7)

The populations in the two coupled intermediate states k1 and ko decay with rates
I'yand T'y into the ground state and additionally ko is coupled with a rate I'12 to kq.
Moreover, due to the fact that the two states are very close energetically from each

other, we will not be able to probe k; and ko separately but only the sum of k; +
ko. Therefore:

AL(t) + fip(t) = —T1mi (£) — Tana(t) —Tllnl(t) - :2712(75) (2.8)

and the response function of the investigate states is:

R(1)(t) = O(t) [nf"e T 4+ nfe 7] (2.9)
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3 Results and Discussion

3.1 Oligothiophenes

3.1.1 a-sexithiophene on Au(111)

3.1.1.1 Electronic structure and exciton dynamics

(W

\‘JA};}‘Aﬁ
e B

[

« .
3 .

OV Wa
‘V“ }"'v‘n

e C

Figure 3.1: Chemical structure of a-sexithiophene (67T)

In this section we present the results of a study in which we have utilized two-photon
photoemission spectroscopy (2PPE), which has be proven to be an ideal method
to investigate both occupied and unoccupied molecular electronic states. We have
determined the electronic structure of a-sexithiophene (6T, see fig.3.1) on Au(111).
Moreover a Frenkel exciton has been identified and monitored with fs time-resolved

2PPE allowing us to elucidate its population, relaxation and decay dynamics.

Several surface science studies focusing on the adsorption behavior of 6T on noble
metal surfaces exist, for example, on Au(110) [34], Au(111) [35], Ag(100) [36], and
Cu(110) [38]. In the monolayer regime, 6T deposited on Au(lll) at room tem-
perature forms well-ordered domains of flat-lying molecules, which are arranged in
molecular rows [39]. In addition, the occupied band structures and accordingly the
hole injection barriers of 6T adsorbed on various noble metals have been determined
using mainly UPS [40, 41, 42, 43|. In contrast, studies on the 6T /Au(111) interfacial
electronic properties, that is, 6T in the monolayer (ML) regime, are not known so far.
A combined ultraviolet photoemission spectroscopy (UPS) and inverse photoelectron
spectroscopy (IPES) study on thick (50-100 A) 6T films on Au determined a HOMO-
LUMO gap of 4.2 + 0.2 €V [44]. In contrast to time-resolved measurements ranging
from femtoseconds to milliseconds to elucidate the decay dynamics of excitons in 67T
films (thickness about 50-350 nm) [34, 35, 36], investigations on the exciton forma-
tion, relaxation and decay at the 6T /Au(111) interfaces and within thin films are

not known so far. A recent 2PPE study investigated the charge transport properties
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Figure 3.2: Two-color 2PPE spectrum of 0.8 ML 6T/Au(111) recorded with 3.0
and 4.4 eV photons. The spectrum is displayed as a function of final-state energy
above the Fermi level, Ep;na — Er = Fii, + © (with ® the work function) [37].

of 6T and the dihexyl-substituted 6T (DH6T) adsorbed on Ag(111), respectively,
and found a charge localization in DH6T within 230 fs while in 6T no localization
was observed. The charge localization has been attributed to the hydrocarbon side
chains [45]. The exciton decay dynamics at organic molecule/metal interfaces has
been observed so far only for Cgg films epitaxially grown on Au(111) and Cu(111)
using 2PPE [46]. Additionally 2PPE has been used to probe charge transfer excitons
on a surface of organic semiconductors, namely pentacene and tetracene, respectively
[47, 48].

Fig.3.2 shows an exemplary 2PPE spectrum of 0.8 ML 6T/Au(111) recorded with
photon energies hry = 3.0 eV and hvy = 4.4 €V. Several peaks can be observed and
on basis of photon energy dependent experiments (see section experimental section)
they can be related to photoemission from unoccupied intermediate states. The
peak at 6.9 eV is probed with Ary = 3.0 eV and is therefore located at 3.9 eV with
respect to Er and arises from the n = 1 image potential state (IPS). The peaks at
6.5 and 5.6 eV are probed with hAro = 4.4 eV and therefore located at 2.1 and 1.2
eV above Ep, respectively. We assign the peak at 2.1 eV to the lowest unoccupied
molecular orbital (LUMO) and the one at 1.2 €V to a Frenkel exciton. Arguments
for assignment of the latter to an exciton will be given below. The feature located at
6.0 eV and probed with hry = 3 eV has accordingly an energetic position of 3.0 eV
with respect to Fr, and is assigned to the LUMO-+1. Additionally, not shown here,
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Figure 3.3: Two-color 2PPE spectra recorded at photon energies of 3.0 and 4.3 eV
of various 6T coverages. At low 6T coverage, the Au(111) surface state (SS) and
the sp-band is observed. The inset shows the work function (®) of 6T adsorbed
on Au(111) as a function of 6T coverage [37].

the highest occupied molecular orbital (HOMO) and HOMO-1 have been found 0.8
eV and 1.5 eV below Ef, respectively.

Fig.3.3 displays a set of 2PPE spectra taken at different 6T coverages on Au(111).
The inset shows ® as a function of layer thickness. From 5.4 eV for the pure Au(111)
the value constantly decreases down to 4.55 eV at 1 ML. The ® drop is the result of

the creation of an interface dipole due to the adsorption of molecules.

Population of an intermediate unoccupied molecular states (e.g. LUMO) can dom-
inantly occur through an intramolecular excitation or a photoinduced substrate to
molecule electron transfer. In order to determine if the population of these states
results of a process taking place within the film or at the interface with the metallic
substrate, we look at the 2PPE intensity of the features as a function of the coverage.
We believe that in our experiments the LUMO and LUMO+1 of 6T are populated

with electrons photoexcited in the substrate. 2PPE is a very surface sensitive tech-
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Figure 3.4: Energetic position of 6T-derived photoemission spectral features at a
coverage of 1 ML 6T/Au(111). The Fermi level of Au(111) serves as reference.
The exciton binding energy is 0.9 eV and the HOMO-LUMO gap is 2.9 €V [49].

nique, therefore the electronic states observed in the spectra are probed at the surface
of the molecular film. At low coverages, the LUMO and the LUMO+1 can be effi-
ciently populated via an electron transfer from the metal to the molecule. However,
when we increase the coverage, an electron excited in the substrate will have a lower
probability of reaching the LUMO or LUMO-1 of a molecule located at the surface
of the film and therefore the photoemission intensity of the LUMO and LUMO-+1
decreases. A similar behavior has already been observed for Cgg adsorbed on Cu(111)
and Au(111) [46]. On the other hand, most striking is the pronounced photoemis-
sion intensity increase from the excitonic state with increasing film thickness. That
shows that the exciton formation is the result of an intramolecular excitation, the
photoemission intensity increasing with increasing number of molecules (and we will
show later that the lifetime of the exciton increases with increasing coverage, in-
ducing as well an increase of the photoemission intensity). Moreover, using photon
energies in the range between 2.0 and 2.4 €V, this feature does not appear in the
spectrum. Only using photon energies larger than the HOMO-LUMO gap (2.9 eV),
allowed us to observe the photoemission feature. This is a clear indication that the
exciton is generated via a photoinduced electron transfer from the HOMO to the
LUMO of 6T followed by relaxation process due to coulomb interaction between the
electron excited into the LUMO and the hole left in the HOMO. More details about

the population processes will be given by time-resolved experiments (see below).

Fig.3.4 summarizes the energetic position and assignment of the different electronic
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states that we have observed at a coverage of 1 ML 6T on Au(111). The position of
the HOMO-1, HOMO and LUMO are in very good agreement with previous scanning
tunneling spectroscopy (STS) measurements [39]. We find a HOMO-LUMO gap of
2.9 eV that corresponds to the transport gap because in our study the LUMO is
populated with an electron from the metallic substrate. The binding energy of the
exciton is 0.9 eV. Although the exciton is not a single particle state, but a quasi-
particle formed by a correlated electron and hole bound through Coulomb interaction,
in 2PPE the final state being an electron and an ionized molecule, it is often simpler

to assign the binding energy to the electron.

Knowing the electronic structure of 6T /Au(111) it is then very interesting to inves-
tigate the evolution of the intermediate excited states, in particular the exciton, in
order to learn more about the processes involved in their population, relaxation and
decay dynamics. There exist different techniques allowing the observe excitons. For
instance, excitonic feature commonly appear in optical absorption and emission of
semiconductors. Koch et al. [50] have discussed recently the importance of choosing
the appropriate method in order to study the exciton dynamics. For instance, they
insisted on the fact that in absorption and luminescence experiments the exciton
signature is not a fingerprint for real exciton population:"we want to stress the fact
that the absorption, transmission and reflection of a classical electromagnetic field
are completely determined by the complex-valued optical semiconductor polarization.
Especially in the linear regime, there are no populations of electrons, holes or ex-
citons at all, that is, the system is unexcited, and a probe beam merely tests the
transition possibilities of the system". Hereby we present our contribution to this
topic, in this work we will show that 2PPE is a powerful tool allowing to monitor the
population, relaxation and decay dynamics of the exciton in thin organic films. In
accordance with a real exciton population process, we have already pointed out that
only exciting the system with photon energies enabling a HOMO-LUMO transition
has resulted in the observation of the excitonic state. In the following we will show
that our method allows for measurement of the real population, relaxation and decay

of the exciton.

In the low coverage regime (1-2 monolayers) in which LUMO and LUMO+1 can be
populated with electron from the substrate, the lifetime of the electrons in those
two transiently excited states was below our time resolution (t < 10 fs), indicating
a strong electronic coupling between 6T and Au(111) allowing fast back transfer of
the electrons to the metal. Such short lifetimes have already been found in previous
studies on several adsorbates [46, 51, 52, 53]. In contrast, the excitonic state exhibits
a pronounced lifetime as it is seen Fig.3.5 (a) in the spectrum recorded with photon
energies hv; = 3.0 eV and hry = 4.3 €V on a 30 ML 6T film on Au(111). This

false-color 2D plot represents the 2PPE intensity as a function of the intermediate
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Figure 3.5: Two-dimensional spectrum of time-resolved 2PPE measurements
recorded with hry = 3.0 €V and hry = 4.3 V. The dashed line in (a) indicates the
energetic stabilization of electrons leading to the formation of the exciton and the
dotted line represents the energetic stabilization of electrons caused by the forma-
tion of polarons or at defect sites trapped electrons (see text). (b) Cross-correlation
traces of the 2PPE intensity integrated over the exciton peak intensities with bi-
exponential fit which gives the indicated lifetime. (c¢) Maximum peak intensity
of the exciton state as a function of pump-probe delay which yields the indicated
energy stabilization time due to polaron formation or localization at defect sites
[49].

unoccupied state energy relative to Ep (vertical axis) and the pump-probe pulse
delay (horizontal axis). The pump pulse photoinduces a HOMO-LUMO transition
with hry = 3.0 eV, a very fast energetic stabilization indicated by the dashed line
occurs within 100 fs leading to the formation of the exciton due to the coulomb
interaction between the photoexcited electron and the hole left in the HOMO. The
transition of the electron from a bonding (the HOMO) to an anti-bonding state
(the LUMO) is a very efficient source for the stimulation of molecular vibrations,
therefore the exciton binding energy of 0.9 eV dissipates to molecular vibrations on a

time scale of the inverse of a vibrational quantum (= 100 fs, for instance the C-S-C
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Figure 3.6: (a) Cross-correlation traces of the 2PPE intensity integrated over the
exciton peak intensities as a function of 6T coverage on a logarithmic intensity
axis. The line represent fits for the bi-exponential decay, which yields the indicated
lifetimes. The dependence on film thickness of the transient lifetime (b) 7 and (c)
T2 |49].

ring deformation mode at 700 em ™! [54], which corresponds to a period of 48 fs).

The photoemission intensity of the exciton is plotted as a function of the pump-probe
delay. The result, referred as cross correlation (XC) is shown fig.3.5 (b). The fit
used to extract the decay rates of this XC includes a convolution of a sech? function,
representing the envelope of the two laser pulses, with a biexponential response
function of the system after photoexcitation. The decay constants measured that
way are 7 = 600 £ 60 fs, and 7 = 6 £ 0.6 ps and result from the decay of two
different states. As explained above, we assigned the first state to an exciton. Its
formation take place at an ultrafast time scale due to coupling to molecular vibrations
and decays with a rate 71 = 600 &+ 60 fs. Moreover, coupling to molecular vibrations
can lead to the generation of a polaron. This process may be responsible for the
observed energetic stabilization of around 0.1 eV, which proceeds on a time scale of
350 £ 70 fs (see fig.3.5 (c)). Charge localization by defects, also called traps, has
also been shown to take place within the same time scale in particular systems [55]

and could also lead to an energetic stabilization of the same order.

In order to gain further insight into to the exciton decay we have investigated the
dynamics as a function of the 6T-coverage. The resulting XC curves are shown fig.3.6
(a), and the lifetime of the exciton (fig.3.6 (b)) and polaron/trap (fig.3.6 (c)) are plot-
ted versus the layer thickness. Both decays exhibit a significant coverage dependence.

A similar behavior has already been observed and discussed for the mono-exponential
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Figure 3.7: Formation, relaxation and decay processes of a Frenkel exciton in sex-
ithiophene adsorbed on Au(111) [49].

decay of excitons in Cgy on Au(111) and Cu(111) [46]. The two states possess an
intrinsic and a distance dependent relaxation channel. Intramolecular exciton recom-
bination is expected to be coverage independent, however, quenching by the metal
substrate will be much more efficient at low coverage when the 6T molecule are more
electronically coupled to the surface. Therefore, quenching will dominate the dy-
namics at low coverage, while the asymptotic values 71 = 600 £ 60 fs for the exciton

and 79 = 6 £ 0.6 ps for the polaron/trap correspond to the decay in the bulk.

Fig.3.7 summarizes the exciton population, relaxation and decay processes that we
have observed in the present study. After photoexcitation of an electron from the
HOMO to the LUMO, the creation of a Frenkel exciton with 0.9 eV binding energy
takes place within 100 & 20 fs. The exciton can stabilize into a trap or separate
and lead to the creation of two polarons of opposite signs (however, with 2PPE,
we can only probe the negative polaron). Both the exciton and the polaron/trap
have a coverage dependent lifetime involving an interfacial and a bulk relaxation
channel. Thus we have shown that 2PPE is a powerful tool to monitor the whole
lifecycle of the Frenkel exciton from its population to its decay. In the following,
we will address the influence of the adsorption geometry of the molecules on the
excited state dynamics. Therefore we have investigated an alkyl-substituted 67T,
namely «,w-dihexylsexithiophene on Au(111). The hexyl chains inducing a spatial

separation between the neighbor 6T units.

3.1.1.2 Comparison with «,w-dihexylsexithiophene

Although several studies have been published on a-sexithiophene (6T) adsorbed
on various metal surfaces [56, 57, 38, 34, 58, 59|, little is known about the alkyl-
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3.1 Oligothiophenes

Figure 3.8: Chemical structure of o, w-dihexylsexithiophene (DH6T).

substituted DH6T [60, 61, 62| despite very promising utilization in organic field-
effect transistors (OFETs). Yassar et al. [63] have shown that the electronic and
optical properties of oligothiophenes (e.g. 6T and DH6T) are largely determined
by the structural organization of the molecules in the film. We will apply 2PPE to
determine the changes induced in the exciton dynamics by the alkyl-substitution of
67T.

In this section we will present the results of our time-resolved 2PPE study in thin
DH6T films on Au(111) (see fig.3.11). Based on STM measurements we will show

that the adsorption geometry of DH6T maximizing the distance between neighboring

8 ML DH6T/Au(111)
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Figure 3.9: Two-dimensional spectrum of time-resolved 2PPE recorded with hvy =
3.0 eV and hry = 4.3 €V at a coverage of 8 ML.
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m-conjugated cores leads to a much faster exciton decay dynamics compared to 6T
films. The feature exhibiting a clear lifetime is located at £ — EFr = 1.5 V. With
UPS, the HOMO has been observed 0.6 €V below Er. Thus the energetic separation
between the HOMO and this state is 2.1 €V (as in 6T). In analogy to 6T we assign

this feature to a Frenkel exciton.

Fitting the XC of the exciton, a biexponential decay is observed, as for 6T. This
results in the decay rates 71 corresponding to the lifetime of the exciton, and 7
the decay rate of the polaron/trap that can be created when the exciton breaks, for
instance due to coupling to molecular vibrations. Fig.3.10 shows the decay rates
measured at several DH6T coverages. Similar to 6T, both the exciton and the po-
laron/trap created in DH6T exhibit a coverage dependent lifetime indicating the
existence of two relaxation channels. As discussed in the case of 6T, one chan-
nel is intrinsic to the molecule, whereas the second depends on the distance to the
substrate. At low coverage the external relaxation path due to quenching by the
metal substrate is responsible for the fast dynamics. On the other hand, at higher
coverages the states probed with 2PPE being located on the topmost layers, the
substrate-mediated relaxation channel is reduced, and mostly the intrinsic channel
subsists, corresponding to the decay in the bulk material, the recombination of the

exciton.

Interestingly, as it is seen fig.3.10, despite their similar 7-conjugated core, the exciton
dynamics in DH6T is 5-6 times faster than in 6T. A similar behavior has been
observed on Ag(111) [64], and has been attributed to a stronger lattice interaction
with DH6T as compared to 6T. Furthermore, complete localization of the electron
was observed within the first 220 fs. However, due to the fact that the photoemission

of the electron breaks the exciton, 2PPE does not allow to measure its localization.

In order to understand the faster dynamics in DH6T compared to 6T, we have

studied the adsorption geometry of DH6T on Au(111). Fig.3.11 displays a typical
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Figure 3.10: Comparison between the lifetime of a) the exciton and b) the po-
laron/trap state, in 6T and DH6T on Au(111).
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3.1 Oligothiophenes

Figure 3.11: STM image of a submonolayer DH6T/Au(111) (V; = 0.5 V; I; = 50

pA) at which molecules form islands with a brick-wall-like structure.

STM image recorded at a submonolayer coverage. We can see the typical brick-
wall-like structure [65] adopted by the DH6T molecules in small island or in the
monolayer. In contrast to 67T forming rows of molecules parallel to each other with an
optimal proximity between neighboring molecules, neighboring DH6T molecules are
parallel as well, however they are shifted relative to each other along their long axis
maximizing the distance between thiophene units of neighboring molecules, therefore
intermolecular interactions, for instance stabilization effect due to polarization of
neighboring molecules, are reduced, and may result in a faster dynamics in DH6T
than in 67T.

Finally, combining 2PPE and STM we could show that the alkyl-substitution of 6T
induces a change in the adsorption geometry of the molecule.We believe that because
it reduces the intermolecular interactions, the brick-wall like structure of DH6T is

responsible for the faster exciton decay dynamics.
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3.1.2 a-octithiophene on Au(111)

Figure 3.12: Chemical structure of a-octithiophene.

In the previous part we have shown that the alkyl-substitution of 6T, has changed the
film structure, leading to a faster exciton dynamics. In this study on a-octithiophene
(8T) on Au(111), combining 2PPE, high resolution electron energy loss spectroscopy
(HREELS) and STM, we will show that the tilted adsorption of 8T/Au(111), in
contrast to the flat-lying 6T /Au(111), strongly affects the exciton dynamics. In-
deed, while the exciton lifetime in 6T depends on the film thickness, it is coverage-

independent in 8T.

As previously mentioned, small organic molecules are very promising candidates for
applications in organic electronic. Due to their semiconducting properties, oligoth-
iophenes have attracted lot of interest in the last years. Moreover, a HREELS 28|
study has shown that it is possible to tune the optical and electronic properties of
oligothiophenes simply by varying their chain length. So far, due to the low solubility
of thiophenes, 8T is the longest unsubstituted synthesized oligothiophene.

The adsorption geometry is already known to have a high influence on the device
performance. In particular, it has been shown that the orientation of oligothiophenes
with respect to the substrate has a crucial impact on the electronic as well as on the
light absorption /emission properties of the molecules [66]. The adsorption properties
of 6T has been intensively studied on different substrates [34, 58, 59, 65]. 6T has
been found to form well-ordered films of flat-lying molecules on Au while tilted by
about 70° with respect to the surface plan on Ag and Cu films. In contrast, little is
known about the formation of 8T thin films on metallic substrates. So far only the
adsorption of 8T on Cu(111) [67] has been studied.

Combining STM and HREELS, we have demonstrated that the adsorption geometry
of 8T /Au(111) changes from flat-lying molecules in the submonolayer, to molecules
tilted relative to the substrate with the long molecular axis parallel to the surface in

the monolayer like shown Fig. 3.13 (see [68]).

In this section, using STS, and 1PPE we have determined the electronic structure of
8T at the interface with Au(111) and within the films. Moreover, with time-resolved

2PPE, we have measured the exciton dynamics as a function of the 8T coverages.
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Figure 3.13: Change in the adsorption geometry from flat-lying in the submono-

layer to tilted in the monolayer.

Fig.3.14 (a) displays UPS spectra recorded at 0.05 and 1.00 ML 8T coverages with
6 eV photons. While appearing as a very sharp feature located at -0.48 eV binding
energy at 0.05 ML, the surface state (SS) is quenched at higher coverages and shifts
toward lower binding energy down to around -0.3 eV and is labeled SS°. Its binding
energy and dispersion are consistent with results obtained from other adsorbate-
covered Au surfaces [53]. Two molecular features can be seen at -0.8 and -1.1 eV and
are assigned to the HOMO and HOMO-1, respectively.

Fig.3.14 (b) shows dI/dV spectra taken at monolayer and bilayer coverages. The
same double peak structure is seen at 1 ML and 2 ML. The features located at 2.0
and 2.4 V are assigned to the LUMO and LUMO+1 of 8T, respectively. No shift
of the LUMO and LUMO+1 are observed when increasing the coverage from the
mono- to the bilayer, indicating a weak electronic coupling between the molecules
and the substrate. The separation of 0.4 eV between the two peaks is in very good
agreement with the energy difference determined on a thin 8T film using electronic
HREELS [28].

Fig.3.14 (c) summarizes the electronic structure measured with STS, UPS and 2PPE.
The transport gap is 2.8 eV, that is 0.1 eV smaller than in 6T. A smaller gap is
expected because of the longer backbone of 8T (e.g. particle in a box). The binding
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Figure 3.14: (a) Direct photoemission spectra recorded with a photon energy of 6
eV at 0.05 and 1.00 ML 8T coverages. (b) dI/dV spectroscopic data taken at a
monolayer and bilayer coverages of 8T /Au(111) [69].
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Figure 3.15: Two-dimensional spectrum of time-resolved 2PPE measurements
recorded with hry = 3.0 €V and hro = 4.5 €V. The 2PPE intensity is plotted
versus the intermediate state energy on the vertical axis and the pump-probe de-
lay on the horizontal axis. Below is the cross-correlation (XC) trace of the 2PPE
intensity integrated over the exciton peak intensity with bi-exponential fit which

gives the indicated lifetimes.

energy of the exciton is 0.9 eV and is the same as for 67T.

Having determined the electronic structure of 8T, we focus on the coverage de-
pendent exciton dynamics. The top panel of fig.3.15 shows a time-resolved 2PPE
measurement recorded at 1.7 ML 8T/Au(111) with photon energies hv; = 3.0 eV
and hry = 4.5 €V. At positive delays, hvy = 3.0 eV photons excite electrons and
hvy = 4.5 eV photons lift electrons above the vacuum level. Most striking is the
feature at 1.1 eV exhibiting a lifetime toward positive delays. In analogy with 6T,
we assign this feature to a Frenkel exciton created after a HOMO-LUMO transition
induced by the absorption of a hv; = 3.0 €V photon, and possessing a binding energy
of 0.9 eV.

The fit used to extract the lifetime of the exciton is the same than for 6T. In this

case as well, a bi-exponential decay was best fitting the experimental data. Thus, in
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Figure 3.16: Lifetime of the exciton and the polaron/trap as a function of the

8T-coverage.

analogy with 6T, we interpret this as follow: first the 3.0 eV photon induces a HOMO-
LUMO transition, due to the Coulomb attraction between the created electron and
hole a Frenkel exciton with a binding energy of 0.9 eV is created. The 0.9 eV involved
in the stabilization of the electron-hole pair is given to the environment by excitation
of molecular vibration modes. The Frenkel exciton can then either recombine with

a decay rate 7 or relax to form a polaron or trap state showing a lifetime of 7.

In order to learn more about possible relaxation channels of both excited states
investigated here, we have performed coverage-dependent time-resolved experiments.
The extracted lifetimes of the exciton and the polaron/trap are plotted versus the
coverage in fig.3.16. As observed in 6T, the polaron exhibits a coverage-dependent
lifetime . However, most striking here is the constant, coverage-independent, lifetime
71 = 300 % 30 fs of the exciton, indicating a strong electronic decoupling between the
molecules and the substrate. Due to the fact that 8T is electronically and structurally
very similar to 6T, this pronounce difference in the exciton dynamics is surprising.
However, in the previous section we have shown that 8T adopts a tilted adsorption
geometry with the long axis parallel to Au(111), in contrast to the flat lying 6T
molecules on the surface. Moreover a momentum-dependent electron energy-loss
study on 6T [12] has shown that the extension of the electron-hole pairs along the
molecules is comparable to the length of the molecules. We believe that, due to the
adsorption of 8T in a tilted configuration, the exciton is localized in the molecular
plane located parallel to the substrate, and therefore the electronic coupling between
the exciton and the metal is very weak, even in the first layer, leading to the observed
coverage-independent lifetime. However, a theoretical study on the spatial extension

of the exciton would be valuable in order to confirm this hypothesis.
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Figure 3.17: Chemical structure of PEDT:PSS

In the introduction we have pointed out that beside small molecules, another class
of material has shown a high potential for organic optoelectronic, namely polymers.
In order to successfully build devices based on organic compounds only, intrinsic
conductive polymers (ICPs) will play a very important role as electrode material or
a hole injection layer. PEDT:PSS is one of the prototypical ICP and has already
been implemented in organic light emitting diodes (OLEDs) [70, 71] as well as in fiel-
effect transistors (FETs) [72, 73| for instance. In PEDT, unhybridized p.-orbitals of
neighboring carbon atoms overlap to form w-bonds in which electrons are relatively
delocalized. Single and double bounds of different length alternating along the chain,
the band splits into a filled valence band and an empty conductive band. Therefore
PEDT is a semiconductor. However, doped with PSS, the polymer becomes conduc-
tive. It is already known that charge carriers created in the polymer are polarons |74]
that exhibit a strong electron-phonon (e-p) coupling, giving rise to new states in the
band-gap. Therefore the polymer absorbs in the infrared region and is transparent
[75]. The high work funciton of PEDT:PSS ranging between 5.0 and 5.6 eV depend-
ing of the amount of residual water in thin films |[76] leads to a low hole injection
barrier, and is comparable to atomically clean gold surface (e.g. ®(Au(111)) = 5.4
eV [37]).

The dynamics of photoexcited charge carriers in the polymer plays an important
role in optoelectronic applications, and has until now only been investigated with
infrared-induced transient absorption in the sub-picosecond range. In this section we
will introduce our investigation on the charge carrier dynamics in PEDT:PSS using

femtosecond time-resolved 2PPE. This technique has already been intensively utilized
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Figure 3.18: 2PPE intensity (color map) as a function of pump-probe delay (hor-
izontal axis) and final state energy above the Fermi level (EF ) (vertical axis)
from PEDT:PSS recorded with photon energies of hvy = 2.1eV for the visible and
hve = 4.2eV for the UV laser pulses. The excited electron distribution is probed
with hvy at negative delays, while at positive delays it is probed with hvs [81].

to study electron thermalization in various metals and semiconductors |77, 78, 79],
but so far not in polymers. In polymers the cross section for light absorption is not
very high in comparison to metals in which the penetration depth is typically around
10-20 nm. Moreover, another important difference between these two classes of
materials is the charge carrier density that is in the order of 10%cm ™2 in PEDT:PSS

[80] while around 10?23 in metals.

Fig.3.18 shows a time-resolved 2PPE measurement on PEDT:PSS. At positive delays
where a lifetime can be clearly observed, the electrons are excited above Ep with
hiq and probed with hin. In order to gain informations about the dynamics of the
photoexcited charge carriers, we integrate the photoemission yield over a small energy
range centered on the final state energy of interest and plot it in function of the time,
resulting in the so-called cross correlation (XC) providing us the temporal evolution
of the hot electrons population. Fits of these XC recorded at energies ¥— E'r between
0.9 eV and 1.8 eV (XC in the range between 1.1 and 1.7 €V shown in fig.3.19 (a)) with
a model including a convolution of a sech? function, representing the temporal width
of the pulse, with a mono-exponential decay, result in the relaxation times shown
fig.3.19 (b) with relaxation times measured on gold for comparison. The model
utilized here fits the data well for £ — Er > 1.5¢V, at lower excitation energies the

dynamics is more and more dominated by the generation of secondary electrons.
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Figure 3.19: (a) Cross correlation curves for PEDT:PSS recorded at intermediate
state energies £ — Er between 1.1 and 1.7 eV. (b) Relaxation times of the pho-
toexcited electron distribution for PEDT:PSS and Au(111) [81].

Most striking is the strong energy-dependent lifetime which is due to the availability
of more phase space at higher energies. Moreover, at Fr;,, — Er > 1.5¢V the relax-
ation times for PEDT:PSS and Au are very similar. On one hand, the high charge
carrier density in the metal allows for a more reduced electron-electron interaction
by screening, which reduces Coulomb interactions. On the other hand, the polaronic
nature of the charge carriers in PEDT:PSS strongly favorites electron-phonon inter-
action in the polymer, leading to comparable lifetimes in the two materials. However
at Epina — Er < 1.5V the charge carrier dynamics in PEDT:PSS is much slower
than in Au, we attribute this to refilling effects due to Auger processes (creation of
secondary electrons by decay of electrons and holes). Moreover, polarons tend to
stabilize on weakly localized states on the polymer chain, thus reducing the proba-
bility of recombination by meeting polarons of opposite sign at low carrier excitation

densities.
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3.2.2 Regioregular poly(3-hexylthiophene)

Figure 3.20: Chemical structure of P3HT.

In the introduction we have mentioned that polymers are promising candidates for
all-organic devices. In particular, best performances for OPVCs are obtained using
regioregular poly(3-hexylthiophene) (RR-P3HT, see fig.3.20) as donor material, and
the previously investigated PEDT:PSS as an electrode. In P3HT, electrons are usu-
ally delocalized on the w-conjugated backbone, resulting in conductivity as high as
1000 S/cm. Despite of their high relevance for OPVCs, investigations on the dynam-
ics of photoexcited charge carriers at polymer/polymer interfaces are limited to only
a few 2PPE studies using nanosecond laser pulses on conjugated polymer films on
metal substrates [82, 83, 84, 85, 86, 87, 88, 89|.

In this study we have carried out time-resolved 2PPE experiments on thin RR-P3HT
films spin casted on PEDT:PSS shown Fig.3.21. A broad photoemission feature
labeled A can be observed at £ — Er = 4.9¢V and shows a clear lifetime toward
positive time delays. Therefore this unoccupied intermediate state is populated by
electrons excited by the hry = 2.1 ¢V photons and then probed by the hAry, = 4.2
eV photons. Thus the state A is located 0.7 ¢V above Fr. By mean of UPS, the
valence band (VB) edge of P3HT has been measured 0.2 €V below the Fermi level of
PEDT:PSS [90] and the commonly accepted band gap of P3HT is 1.9 - 2.1 eV [91].
Therefore the state A is located 1.0-1.2 €V below the conduction band edge (CB,
see fig.3.22). Fitting the XC of the state shown in the bottom panel of fig.3.21 with
a biexponential response function results in a fast component (2.6 ps) and a slow

component (7.6 ps).

As we have shown in the case of the oligothiophenes, the adsorption of a photon of
energy greater than the band gap can generate an exciton. For P3HT, the binding
energy and the lifetime of the exciton have already been reported to be 0.7 eV [93]

and 100 fs [94], respectively. If an exciton is created close to a dissociation center,
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Figure 3.21: 2D-plot of 2PPE spectra as a function of pump-probe delay of a 24
nm P3HT film on PEDOT:PSS. For positive delays, the VIS pulse (hv; = 2.1 €V)
arrives at the surface before the UV pulse (hry = 4.2 V), therefore the unoccu-
pied intermediate state labeled as state A is VIS-pumped and UV-probed. The
spectrum on the right corresponds to a cut at zero time delay. The bottom panel

shows cross correlation trace for the energy region of state A [92].

for instance another polymer chain, it can undergo charge transfer and produce a
bond polaron pair with positive and negative polaron on adjacent chain. This bound
polaron pair can recombine, be trapped by a defect state, or dissociate into two charge
carriers. Moreover it is known from the literature that two delocalized polaron bands
located at 0.1 eV and 1.85 eV, as well as two localized polaron bands at 0.35 eV and
1.25 eV, respectively, are existent in RR-P3HT [30], viz. in the energy regime where
we find the broad 2PPE feature. Therefore we assign the fast component (2.6 ps)
to bound polaron pairs, in which positive and negative polarons are bound to each
other on adjacent chains by Coulomb interaction. The bound polaron can recombine
quickly or separate and be added to the slow component (7.6 ps) assigned to polarons
generated by charge transfer between adjacent polymer chains. In order to confirm
our assignment, a comparison between RR-P3HT that form a lamellae structure
with non-negligible interchain interaction and regio-random (RRa)-P3HT that keeps

a chainlike morphology would be necessary.

However, our study shows that time-resolved 2PPE is a powerful tool to investigate
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Figure 3.22: Energetic position of the polaron in P3HT observed in the present
study. The Fermi level of PEDT:PSS serves as reference [92].

the excited state dynamics in polymer films as well.
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3.3 Summary

In the framework of this thesis, we have used time-resolved two-photon photoemission
(2PPE) in order to investigate the electronic structure and excited states dynamics
upon photoexcitation in oligothiophenes and polymers relevant for optoelectronic

applications.

In a-sexithiophene (6T) we were able to follow the full lifecycle of Frenkel excitons,
from its population following a photoinduced HOMO-LUMO transition, to its decay
or separation into a polaron or trap state. Coverage-dependent measurements have
shown that two relaxation channels exist for the exciton as well as for the polaron.
A substrate-mediated decay can occur at the interface and has a coverage dependent
rate, moreover an intramolecular relaxation channel exits, the recombination of the

Frenkel exciton.

In comparison to 6T, the Frenkel exciton relaxes faster in «, w-dihexylsexithiophene
(DH6T). By means of STM measurement we have shown that the wall-brick-like
adsorption configuration of the DH6T molecules increases the space between the con-
jugated cores of neighboring molecules, thus reducing the intermolecular interaction,
for instance the stabilization due to polarization of adjacent molecules, thus leading

to a faster decay dynamics.

In contrast, the dynamics of the exciton in a-octithiophene (8T) differs signifi-
cantly from that in 6T, and possesses in that case a coverage-independent lifetime.
We have shown a change in the adsoption geometry of 8T /Au(111), from flat-lying
in the submonolayer to a tilted configuration with the molecular backbone parallel
to the surface in the ML-regime, leading to electronic decoupling from the metal of

the excitonic state localized on 8T.

We have measured the dynamics of the non-equilibrium electron distribution in
the conducting polymer poly(3,4-ethylene-dioxythiophene): poly- (styrenesulfonate)
(PEDT:PSS) and found out that the energetic relaxation of electrons excited at
intermediate states > 1.5 eV above Ep takes place on a similar time scale as for

gold.

Finally we have applied our expertise gained on small organic molecules to the study
of an excited state dynamics in a thin regioregular poly(3-hexylthiophene) (RR-
P3HT). We have observed a bound polaron pair that can decay or separate and
lead to the formation of two polarons of opposite sign on two adjacent polymer
chains. The lifetimes of the bound polaron pair and the polaron are 2.6 ps and 7.6

ps, respectively.
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3.3 Summary

In conclusion, we have shown that 2PPE is a very powerful tool to investigate the
electronic structure, e.g. determination of the HOMO and LUMO positions, the
transport gap and the interface dipole. Moreover time-resolved measurements allow
for the study of excitation and decay of excited states in organic semiconductors,
i.e. in small molecules as well as in polymers. Therefore this method promises to
provide a link between optical and electron spectroscopy. This can be useful for better
understanding of the elementary processes in organic photovoltaics and optimization

of organic optoelectronic devices.

In this work we have focused on a few materials for the anode/donor interface,
however other substituted oligothiophenes used in solar cells are available and should
be further studied. Moreover, in the future, it will be interesting to investigate the
donor/acceptor interface, in particular the exciton dissociation at these interfaces
plays an important role in the cell efficiency, and acceptor/cathode interfaces in order
to gain a complete picture of the processes in OPVCs, from the light absorption to

the charge carriers extraction.
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Optically Induced Inter- and Intrafacial Electron Transfer
Probed by Two-Photon Photoemission: Electronic States
of Sexithiophene on Au(111)

Erwan Varene, Isabel Martin, and Petra Tegeder*

Freie Universitat Berlin, Fachbereich Physik, Arnimallee 14, D-14195 Berlin, Germany

ABSTRACT Using two-photon photoemission spectroscopy, we investigated the
electronic structure of the organic semiconductor a-sexithiophene (6T)adsorbed
on Au(111). Beside the quantitative determination of the energetic position of
electronic states originating from the highest occupied molecular orbitals (HOMO
and HOMO-1) and the lowest unoccupied molecular orbitals (LUMO and
LUMO+1), a localized exciton state that possesses a binding energy of 0.9 eV has
been identified. Whereas the creation of the exciton is the result of an intramole-
cular excitation involving a HOMO—LUMO transition, the transient population of
the LUMO and LUMO+1 follow from an optically induced charge transfer from the
metallic substrate to the molecule. The present study provides important para-
meters such as the energetic position of the transport level and the exciton binding
energy, which are needed to understand the physics in organic-molecules-based

optoelectronic devices.

SECTION  Surfaces, Interfaces, Catalysis

emiconducting materials based on organic molecules
S or polymers are promising candidates for applications

in electronic devices such as organic photovoltaic cells,
light-emitting diodes, and thin film transistors.'~* The elec-
tronic structure at interfaces between organic or polymeric
semiconductors and inorganic substrates is the most funda-
mental issue to understand the functionalities of organic films.
Measuring the alignment of molecular orbitals (or bands) with
respect to the Fermi level of the (metallic) substrate yields
quantitative information on the barriers for electron (hole)
injection at the molecule—metal interface. Whereas the en-
ergy level alignment of bands due to the highest occupied
molecular orbital (HOMO) has been widely studied by means
of ultraviolet photoemission spectroscopy (UPS), spectro-
scopic information on unoccupied molecular states, for ex-
ample, the lowest unoccupied molecular orbital (LUMO), are
rather limited. Additionally, in organic semiconductors, ex-
citonic states play an important role; in particular, their
binding energy is one of the key parameters that governs
the physics of optoelectronic devices. For instance, in photo-
voltaics, the created exciton has to be separated to generate
free charge carriers that can diffuse to the corresponding
electrodes.”

In the present study, we utilized two-photon photoemis-
sion (2PPE) spectroscopy, which has been proven to be an
ideal tool to investigate both occupied and unoccupied mo-
lecular electronic states,*” to determine the electronic struc-
ture of a-sexithiophene (6T, Figure 1) on Au(111) at the
interface and within the film. The oligothiophene 6T, a 7~
conjugated chain-like planar molecule, has been widely inves-
tigated because it serves as a model system for the structural

v ©2011 American Chemical Society
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Au(111)

less controllable polythiophene. Furthermore, it is used in
organic field effect transistors®” and in bulk heterojunction
photovoltaic cells.'® Several surface science studies focusing
on the adsorption behavior of 6T on noble metal surfaces
exist, for example, on Au(110),"" Au(111),"* Ag(100),"* and
Cu(110)."*In the monolayer regime, 6T deposited on Au(111)
at room temperature forms well-ordered domains of flat-
lying molecules, which are arranged in molecular rows.'? In
addition, the occupied band structures and accordingly the
hole injection barriers of 6T adsorbed on various noble
metals have been determined using mainly UPS.'*~'? In
contrast, studies on the 6T/Au(111) interface electronic prop-
erties, that is, 6T in the monolayer (ML) regime, are not
known so far. A combined UPS and inverse photoelectron
spectroscopy (IPES) study on thick (50—100 A) 6T films on Au
determined a HOMO—LUMO gap of 4.2 + 0.2 eV.*°

An exemplary two-color 2PPE spectrum of 0.8 ML 6T
recorded at hv; =3.0 eVand hv, = 4.4 eV is shown in Figure 1.
Several peaks are observed, and on the basis of photon-
energy-dependent measurements,”' they can be related to
photoemission from unoccupied intermediate states. The
peak at 6.88 eV arises from the n = 1 image potential state
(IPS), which exhibits an energetic position of 3.88 eV with
respect to Er (corresponding to ~0.7 eV below the vacuum
level, E,,c). For comparison, the n = 1 IPS on clean Au(111)
possesses a binding energy of 0.8 eV with respect to Ey,,
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Figure 1. Two-color 2PPE spectrum of 0.8 ML 6T/Au(111) re-
corded with 3.0 and 4.4 eV photons. The spectrum is displayed
as a function of final-state energy above the Fermi level, Eginai — Er
= Exin + ® (with @ the work function).

whereas on the n-heptane (1 ML)-covered surface, it is located
at 0.6 eV.** The peaks at 6.52 and 5.6 eV in the 2PPE
spectrum originate both from states, which are probed by
the 4.4 eV photons, and thus they are located at 2.12 and 1.2
eV above Ej, respectively. We assign the peak at 2.1 eV to the
LUMO and the one at 1.2 eV to an exciton (Exc) state.
Arguments for the latter assignment will be given below.
The feature seen at 6.01 eV is probed by the 3 eV photons;
accordingly, it possesses an energetic position of 3.0 eV with
respect to Egand is attributed to the LUMO+-1 state. Addition-
ally, in a one-color 2PPE experiment using 4.3 eV photons at a
coverage of 2 ML, also 6T-derived occupied initial states are
obtained. (See the Supporting Information.) Photoemission
from the HOMO and HOMO-1 are found at —0.8 and —1.5 eV
with respect to Ep respectively. UPS studies on thick 6T films
observed the HOMO level between —1.2 and —1.0 eV.'"*°
Figure 2 displays a set of two-color 2PPE spectra taken at
photon energies of 3.0 and 4.3 eV at various 6T coverages.
Most striking is the pronounced photoemission intensity
increase from the excitonic state with increasing coverage;
at 4 ML, the spectrum is dominated by this peak. In contrast,
the intensities of the peaks attributed to the LUMO and
LUMO+1 as well as the IPS drop with rising coverage. To
understand this behavior, one has to consider the excitation
mechanisms possible in 2PPE. The transient population of
unoccupied molecular electronic states dominantly occurs
either via a photoinduced substrate to molecule electron
transfer or through intramolecular excitation, for example,
HOMO—LUMO transition. We believe that the LUMO and
LUMO+1 level is transiently populated by an optically in-
duced interfacial electron transfer from the gold substrate to
the molecules. This interpretation is consistent with the
observed intensity decrease in the LUMO and LUMO+-1 peaks
with increasing 6T coverage. With increasing film thickness,
the electronic coupling between the 6T molecules and the
metal surface is expected to decrease and accordingly the
transition dipole moment for electron transfer excitation from
the substrate to the adsorbate. The proposed excitonic state is
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Figure 2. Two-color 2PPE spectra recorded at photon energies of
3.0 and 4.3 eV of various 6T coverages. At low 6T coverage, the
Au(111) surface state (SS) and the sp band is observed. The inset
shows the work function (®) of 6T adsorbed on Au(111) as a
function of 6T coverage.

visible at any film thickness because of the intramolecular
excitation process. In the first layer, quenching may occur to a
certain extent by the stronger interaction with the metallic
substrate. However, an intramolecular excitation channel for,
for example, the LUMO (HOMO—LUMO transition), may be
operative, although on the basis of a detectable photoemis-
sion signal, we found no clear indication (see below). A similar
behavior of 2PPE peak intensities resulting from molecular
electronic and exciton states as a function of film thickness
has been observed for Ceo adsorbed on Cu(111)*° and Au-
(111).>* Note that shifting of energetic positions of the electro-
nic states as a function of coverage (at least up to 3 ML), as
known for other organic/electrode interfaces,*>~*° is not
found.

As the photoemission peaks originating from the LUMO
and LUMO+1, the peak intensity of the first IPS decreases
with increasing coverage. It is only visible on thin films (<~2 ML),
for which an effective matrix element exists, allowing excita-
tion of electrons from metal states to the 2D delocalized IPS
(see below). This state is predominantly located near the
vacuum interface.”® In addition, at higher coverages, the
surface roughness may increase, leading also to a reduction
of the IPS intensity.*” Another quantity that has closely been
monitored is the coverage-dependent work function (®, see
inset of Figure 2). For the clean Au(111) surface, a value of 5.4
eV is observed, which continuously decreases in an approxi-
mately linear fashion by 0.85 eV until a coverage of 1 ML is
reached. Here it possesses a value of 4.55 eV. Further cover-
age increase (>3 ML) leads to a slight increase in @ by 0.05 eV.
The ®-drop is the result of the creation of an interface dipole
due to the adsorption of 6T molecules in the monolayer
regime.
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Figure 3. Angular-dependent 2PPE measurements of 1 ML 6T/
Au(111) measured with 3.0 and 4.3 eV photons. The inset shows
the dispersion of the image potential state (IPS), which exhibits a
free electron-like character.

Further evidence that the 2PPE feature at 1.2 eV above Eg
results from photoemission of an exciton state is given by
photon-energy-dependent measurements in the range be-
tween 2.0 and 2.4 eV. Using photon energies in a two-color
pump—probe scheme in which the photon energy of the
pump laser pulse is below the energetic threshold for the
direct photoexcitation (an energy around 2.9 eV is needed to
excite an HOMO—LUMO transition) does not lead to the
appearance of this peak in the 2PPE spectrum. This is a clear
indication that this electronic state originates from an exciton,
which is generated via an optically induced intramolecular
electron transfer from the HOMO to LUMO level of 6T,
followed by a relaxation process due to the attractive Coulomb
interaction between the electron and hole. The relaxation of
the electron resulting in the formation of the excitonic state
occurs most likely on an ultrafast time scale, which is possibly
the reason why the photoemission of electrons from the
LUMO excited via an intramolecular transition is not observed
in the 2PPE experiment.

To gain deeper insight into the properties of the unoccu-
pied electronic states, we performed dispersion measure-
ments using angle-resolved 2PPE, which provides informa-
tion about the extent of electron delocalization/localization
parallel to the surface. Figure 3 shows a series of angular-
dependent measurements at a 6T coverage of 1 ML, recorded
at photon energies of 3.0 and 4.3 eV. Both unoccupied
molecular states, the LUMO and LUMO+1, as well as the
exciton state show no dispersion, viz. they are localized in
contrast to the IPS. The IPS exhibits a free-electron-like
parabolic dispersion parallel to the surface having an effective
mass of 1.2 + 0.1 m.. (See the inset of Figure 3.)

Figure 4 summarizes the energetic positions and assign-
ments of the 6T-derived electronic states observed at a cover-
age of 1 ML 6T on Au(111). The Fermi level of the Au(111)
surface serves as reference. The work function at the 1 ML
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Figure 4. Energetic position and assignment of 6T-derived photo-
emission spectral features at a coverage of 1 ML 6T adsorbed on
Au(111) observed in the present study. The Fermi level of Au(111)
serves as reference.

coverage is 4.6 eV, that is, a decrease of 0.85 eV compared with
the bare Au(111) surface is observed. The LUMO level ob-
tained from 2PPE is at 2.1 eV and thus 0.9 eV lower than that
determined by IPES.?° The HOMO position is higher by 0.2 to
0.4 eV compared with the value (—1.0 to —1.2 eV) found in
UPS studies. As a result, the HOMO—LUMO gap (peak-to-peak
separation) from 2PPEis 2.9 eV, whereasagap of 4.2 £ 0.2 eV
is obtained from combined UPS/IPES. Note that the gap
determined in both the 2PPE and the UPS/IPES corresponds
to the transport gap because in the 2PPE, the LUMO is pop-
ulated via a metal-to-molecule electron transfer (creating a
negative ion resonance) and not through an intramolecular
charge transfer. Accordingly, both experiments 2PPE and IPS
should give similar LUMO positions (transport levels). How-
ever, the difference may be attributed to the lower sensitivity
(energy resolution) and count rates (intensities) in IPES com-
pared with 2PPE. Therefore, the shoulder around 3 eV ob-
served in IPES*® may be assigned to the LUMO+-1 and not to
the LUMO. In 2PPE, we found the energetic position of the
exciton state to be at 1.2 eVabove Eg and hence it possesses a
binding energy of 0.9 eV. This “measured” binding energy
exceeds the one estimated by Hill et al.** by 0.5 eV. Angular-
dependent 2PPE shows that the exciton state is localized,
therefore, we assign it to a Frenkel exciton (singulet). Local-
ized singulet (Frenkel) excitons are common in organic
(molecular) semiconductors; however, it has been discussed
if a strictly Frenkel-like nature of excitons in condensed organic
semiconductors is correct.”

In conclusion, the presented results elucidate the electro-
nic structure, that is, sexithiophene (6T)derived occupied
(HOMOs) and unoccupied (LUMOs) molecular electronic
and excitonic states at the interface between 6Tand Au(111)
and within the 6T film. The interfacial excitation mechanism,
viz., optically induced electron transfer between the metallic
substrate and 6T, and the intrafacial that is the intramolecular
HOMO—-LUMO transition, have been proposed to be the under-
lying processes for the population of the electronic states. The
transport gap (HOMO—LUMO gap) as well as the binding

DOI: 10.1021/jz1016203 | J. Phys. Chem. Lett. 2011, 2, 252-256
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energy of a localized Frenkel exciton have been deter-
mined. Further experiments, including femtosecond time-
resolved 2PPE measurements to determine the inter- and
intrafacial charge carrier and exciton dynamics, are in
progress.

EXPERIMENTAL METHODS

For the 2PPE measurements, an ultra-high vacuum
chamber (base pressure of 1 x10~'°mbar) for photoemis-
sion spectroscopy and surface science techniques in com-
bination with a tunable femtosecond (fs) laser system was
used. The Au(111) crystal was cleaned by a standard
procedure of Ar" sputtering and annealing. 6T molecules
were dosed onto the Au(111) crystal (held at 289 K) using a
home-built effusion cell held at 500 K. To determine the 6T
coverage, thermal desorption spectroscopy was employed.
(See the Supporting Information.) The fs-laser system
consists of a Ti/sapphire oscillator in combination with a
300 kHz regenerative amplifier. It supplies pulses with a
central wavelength ranging from 800 to 830 nm. The
output is used to pump an optical parametrical amplifier
(OPA), which yields photons with a tunable energy in the
range from 1.7 to 2.7 eV and additionally a fixed 3 eV
output. Through frequency doubling in a 3-barium borate
crystal, the photon energy range from 3.4 to 5.4 eV is
achieved. After thorough temporal compression, pulses
with a duration of ~60 fs are obtained. These are focused
onto the sample under an angle of 45° with respect to the
surface normal. Photoelectrons are detected in a custom-
built time-of-flight (TOF) spectrometer and are analyzed
with respect to their kinetic energy (Ey;n). (For details, see
ref 21.) The energy resolution of the TOF spectrometer
depends on the kinetic energy of the electrons; ~20 meVat
Exin ~ 1 €V.

SUPPORTING INFORMATION AVAILABLE Additional 2PPE
data of 6T/Au(111) and a description of the preparation of 6T films.
This material is available free of charge via the Internet at http://
pubs.acs.org/.
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Scanning tunneling microscopy and spectroscopy as well as photoemission spectroscopy have been
employed to study the adsorption behavior and electronic structure of o-octithiophene (8T) on
Au(111). At a monolayer (ML) and bilayer coverage well-ordered molecular rows forming closely packed
films are found, with 8T molecules tilted with respect to the surface plane allowing for intermolecular 7z

m-interactions. Two unoccupied electronic states are observed, which possess the same energetic position
for 1 and 2 ML, indicating a low electronic coupling strength between 8T and the metallic substrate. This
study shows that 8T grow on Au(111) in an ordered way generating a defined interface which is a basic
requirement for future applications of 8T in (opto) electronic devices.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The electronic properties of interfaces formed between func-
tional organic materials and metal electrodes have a major impact
on the performance of (opto) electronic devices. Thereby the ener-
getic alignment of molecular electronic states with respect to the
Fermi level is crucial since it determines the charge (electrons
and holes) injection barriers. The interaction strength between
the molecules and the surface competes with intermolecular inter-
actions to govern self-assembly of molecules into regular patterns
on the substrate. Well-ordered and defect-free films with defined
interfaces are needed to improve electronic devices based on or-
ganic molecules. The growth of such films is dominated by the
adsorption structure of the first molecular layer, i.e., the molecules
in direct contact with the substrate. Therefore, investigations of ad-
sorbed molecules at the atomic level is required in order to gain in-
sights into the growth mode and the influence of the molecular
layer structure on the electronic structure, which is decisive for
the optimization of the devices. This has driven studies on the
adsorption, growth and electronic structure of thin films of various
organic molecules on different noble metal surfaces [1].

Organic macromolecules with a m-conjugated backbone have
been widely investigated because of their promising physical prop-
erties which open prospects for technological applications in
molecular (opto) electronics [2-4]. In particular, oligothiophenes,
like o-sexithiophene (6T) which has been used as an active layer
in one of the first field-effect transistor [5], have attracted much
attention due to their optical and electronic properties. Indeed,
high charge mobilities as well as absorption and emission in the

* Corresponding author.
E-mail address: petra.tegeder@physik.fu-berlin.de (P. Tegeder).
URL: http://physik.fu-berlin.de/einrichtungen/ag/ag-tegeder (P. Tegeder).

0009-2614/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
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visible spectral range [6-8] make them very good candidates for
organic light-emitting diodes [9] and solar cells [10].

In contrast to 6T for which several surface science studies exist
focusing on the adsorption behavior on noble metal surfaces, e.g.,
on Au(110) [11], Au(111) [12-14], Ag(100) [15], Ag(110)
[16,17], and Cu(110) [18], little is known for o-octithiophene
(8T, see Figure 1b). So far, on metal surfaces only a conformational
analysis of N-silyl substituted 8T adsorbed on Cu(100) using scan-
ning tunneling microscopy (STM) is available [19]. Although the
physical properties and accordingly the performance of oligothi-
ophenes based devices may be turned by the number of thiophene
rings (cf. particle in a box). For instance, high resolution electron
energy loss (HREELS) and UV-Vis spectroscopic investigations on
«-oligothiophene thin films have demonstrated that the gap be-
tween the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) decreases (linearly)
with increasing number of thiophene rings [20]. This has been
reproduced by a Hiickel molecular orbital model [20] and density
functional theory [21]. Furthermore, in a hybrid solar cell based
on 8T and GaAs(11 1) the highest hole mobility in the oligothioph-
ene series has been observed [22]. Up to know 8T is the unsubsti-
tuted oligothiophene with the longest chain length which has been
synthesised which is due to the pure solubility.

In the present study we utilized low-temperature (15 K) STM,
scanning tunneling spectroscopy (STS) and photoemission spec-
troscopy (PES) in order to determine the coverage dependent
absorption properties and electronic structure of 8T on Au(111),
respectively. In the sub-monolayer regime no nucleation or island
formation of 8T molecules is found. In contrast, at a monolayer
(ML) as well as at a bilayer coverage 8T form well-ordered rows
and densely packed film. Thereby the self-assembly is most likely
driven by the m-rn-interaction between the tilted molecules. From
the STS data we determined the LUMO and LUMO + 1 levels to be
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Figure 1. (a) Low-temperature (15 K) STM image of the Au(111) surface (Vs;=-1V,
I =100 pA) showing a large terrace with high purity. The image is revealing the
“herringbone” reconstruction. Inset: STM image with atomic resolution of the
Au(111) surface (V;=0.9V, I, = 55 pA) showing the hexagonal lattice of the surface
atoms. (b) Balls and stick model of a-octithiophene (8T) investigated in the present
study. (¢) STM image of low-coverage 8T/Au(111) (Vs=0.5V, I,=51 pA); 8T was
deposited on the substrate held at Ty, = 300 K. (d) Corresponding line profile as
marked by the red line in (c). Black arrow marks the position of the molecules,
which is the bottom of the step edge. The step edge height is ~3 A. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.).

located at 2.0 and 2.4 eV, respectively, with respect to the Fermi le-
vel at a 8T coverage of 1 ML. The electronic states do not shift in
energy with increasing coverage (2 ML), indicating that the adsor-
bate/substrate-interaction is comparatively weak. From PES the
HOMO and HOMO-1 could be identified, which possess a binding
energy of —0.8 and —1.1 eV with respect to Er.

2. Experimental

STM and STS experiments: All STM and STS experiments were
performed at University of British Columbia with a custom-de-
signed ultrahigh vacuum (UHV) apparatus (base pressure
10~'°mbar) comprising a commercial low-temperature scanning
tunneling microscope (Createc; based on the design described in
Ref. [23]). The STM was operated typically at 15 K to obtain high-
resolution topographic and spectroscopic data. The STM tip is
made out of an etched tungsten wire and was prepared by Ar" -
bombardment in UHV. Topographic data were acquired in the
constant current mode, with typical tunneling resistances in the
range of 10-104 MQ. Tunneling spectroscopy data were recorded
with a lock-in technique (with a typical modulation amplitude
and frequency of 20 mV and 1 kHz, respectively).

For photoemission measurements an ultra-high vacuum cham-
ber (base pressure of 10"!°mbar) in combination with a tunable
femtosecond (fs) laser system was used. The fs-laser system con-
sists of a Ti/sapphire oscillator in combination with a 300 kHz
regenerative amplifier. It supplies pulses with a central wavelength
of 830 nm. Through frequency doubling in a g-barium borate crys-
tal performed twice, pulses with photon energy of 6eV are
achieved. These are focused onto the sample under an angle of
45° with respect to the surface normal. Photoelectrons are detected
in a time-of-flight (TOF) spectrometer and are analyzed with re-
spect to their kinetic energy (Eyi,) (for details see Ref. [24]). During
photoemission measurements the sample was kept at liquid nitro-
gen temperature.

The Au(111) surface was prepared by repeated cycles of argon
sputtering (1.5 keV,5uA/cm?) followed by annealing at 750 K. 8T

molecules (Advanced Technology and Industrial Co., Ltd.) were first
out-gassed in vacuum for several hours and then evaporated from
an organic molecular beam effusion cell held at 510K at a sub-
strate temperature of 300 K.

3. Results and discussion
3.1. Sub-monolayer regime of a-octithiophene on Au(111)

STM images of the bare and «-octithiophene (8T) covered
Au(111) surface are shown in Figure 1. The Au(111) surface is
compressed in the direction due to the breaking of symmetry,
resulting in the formation of a zigzag pattern well-known as "her-
ringbone” reconstruction, which is clearly visible in Figure 1a [25].
Fcc and hep packing region are separated by corrugation lines. Be-
tween two closer corrugation lines (separation ~2.4 nm) hcp pack-
ing exists, whereas the wider distance area (~3.9 nm) comprise fcc
packing. After deposition of 8T at a substrate temperature of 300 K
the molecules tend to diffuse toward the gold step edges and form
closed molecular chains along the edges as can be seen in Figure 1c.
From the line profile (Figure 1d) we infer that 8T molecules stabi-
lize at the lower edge of the steps. A similar behavior has been ob-
served for 6T/Au(111) [12,14]. Note that 8T deposition on the cold
sample (80 K) also lead to localization of the molecules at the step
edges, indicating a high mobility of 8T on the terraces.

Generally, steps (like other surface defects) act as preferential
adsorption sites, as they represent perturbations in the surface
periodicity and electronic structure. This can lead to positive or
negative changes in the local adsorption energy. However, elec-
tronic effects such as the Smoluchowski effect [26] or local-den-
sity-of states (LDOS) modulation at steps [27-29] can also
generate preferential adsorption at step edge. Thereby the LDOS
is affected by perturbations due to adsorbates and by surface state
electron scattering (Friedel oscillations). In the case 6T/Au(111) a
weak chemical interaction (no charge transfer) between 6T and
Au(111) has been assumed on the basis of photoelectron spectros-
copy and quantum chemical calculation. It has been proposed that
the preferential adsorption of 6T at the bottom of the edge is
caused by changes in the LDOS [12]. For 8T on Au(11 1) we suppose
similar effects due to the akin electronic and geometrical structure.

A second effect relevant in this context is the so-called Ehrlich-
Schwobel barrier, which is the energy required for an atom or mol-
ecule to descend a monolayer-height step edge in addition to that
of the conventional (two-dimensional (2D)) surface diffusion bar-
rier [30]. Large barriers suppress the downward flux of particles
between the layers preventing a layer-by-layer growth (2D
growth), and instead promoting (unwanted) three-dimensional
growth. It turned out that this concept is very efficient in order
to describe inorganic thin film growth; however in organic systems
the situation is much more complex. In organic molecules the
intrinsic anisotropy and internal degrees of freedom evoke a series
of activation barriers for crossing steps that depend on the molec-
ular conformation and on the orientation of the diffusing mole-
cules [31-34]. In addition a layer-dependent step-edge barrier
has been observed [35]. For instance the rodlike para-sexiphenyl
which adsorbs on mica in an upright geometry an Ehrlich-Schwbel
barrier of 0.67 eV has been determined [33]. However, in spite of a
possible high barrier, it will be shown later in the contribution that
a layer-by-layer growth occur at least up to the bilayer regime.

At higher coverage, as shown in Figure 2a, we find adsorption of
8T on top of the molecules previously trapped at the lower step
edge; this behavior is corroborated by the line profile displayed
in Figure 2b. Thereby the adsorption of 8T on top of the molecules
is only observed until the bottoms of the steps are completely
filled. At this coverage, we did not obtain any domains, ordered
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Figure 2. (a) Sub-monolayer 8T/Au(111) (Vs =0.5V; I,=51 pA), at which 8T adsorb
on top of the molecules previously trapped at the lower step edge. In addition,
molecules absorb mostly in bent configuration and stick only on fcc packing area.
(b) Corresponding line profile as marked by the red line in (a). (c) Higher 8T-
coverage in comparison to (a). Molecules tend to absorb more often in a straight
configuration and a beginning of alignment can be seen. (d) Sub-molecular
resolution STM image of a single molecule exhibiting eight features corresponding
to the 8 thiophene rings within the molecule. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.).

molecular clusters or even first fruits of self-organization on sub-
strate terraces, but single molecules absorbed randomly in straight
or bent configuration. In the linear 8T the thiophene repeating
units are arranged in an all-trans-configuration. In the bended mol-
ecule, some thiophene rings are forced to rotate, i.e., a cis-configu-
ration must be present in the folded chain. A similar bended
molecular conformation has been observed for 6T/Au(111) [14].
From all images examined it was not possible to deduce any pref-
erential absorption form. 8T molecules are dominantly localized at
the fcc packing area of the Au(111) surface and tend to settle at
kinks formed by the corrugation lines. Note that the smaller fea-
tures seen in the STM-images are most probably thiophenes rings

resulting either from an uncompleted purification of the 8T pow-
der or from decomposition of the molecules during evaporation.

At a slightly higher coverage (Figure 2c), 8T molecules still ab-
sorb preferentially on the fcc packing area, however, due to a lack
of space, they begin to also localize at hcp regions. Furthermore the
molecules are predominantly found in a straight conformation but
again no nucleation or island formation is observed. In contrast,
repulsive intermolecular interactions seem to be operative pre-
venting nucleation. Long-range substrate mediated interaction
mechanisms between adsorbates due to (i) elastic deformation of
the substrate [36], (ii) the oscillatory potential between molecules
and metal surfaces associated with the Friedel oscillations of sur-
face-state electrons [37] and (iii) Coulomb repulsion among local-
ized charges built up at the molecule-surface interface by charge
redistribution occurring upon chemisorption [38] have been pro-
posed in order to explain the self-assembly of molecules and atoms
on metal substrates. The 8T molecules adsorb on Au(111) surface
without a long-range ordering, however the preferential linear
arrangement of the conjugated chains may arise from a balance be-
tween a weak 8T/substrate interaction and a weak intermolecular
repulsion. Further coverage and substrate-temperature dependent
measurements are needed in order to elucidate the origin of the
adsorption behavior of 8T on Au(111) in the low-coverage regime.

The 8T molecule in its straight conformation exhibits an aver-
age length of 30 + 1 A. This compares well with the previously re-
ported dimension of 8T based on crystallographic data of single
crystals [39] and STM measurements of 6T on Au(111) [12,13]. A
closer approach to the molecule allows sub-molecular resolution
of an 8T molecule (see Figure 2d) showing that the individual mol-
ecule exhibits a structure with 8 maxima which are related to the 8
thiophene rings within the molecule. We interpret the appearance
of the regular 8 dark depressions in the center with a planar
adsorption geometry in which 8T adsorbs on the Au(111) surface
through the m-conjugated system.

3.2. Mono- and bilayer «-octithiophene on Au(111)

In the following we investigate the adsorption structure of 8T
on Au(111) in the first and second monolayer (ML) which is
important for the performance of electronic devices based on or-
ganic molecules. Figure 3a displays a representative STM image
of 8T deposited at room temperature on Au(111) at an incomplete
bilayer coverage. In both the mono- and the bilayer the molecules
adsorb in a well-ordered structure in contrast to the submonolayer
regime. The monolayer and the bilayer exhibit the same arrange-
ment, in which the molecules align parallel to their long axis, form-
ing arranged rows extending over a long distance on the gold
terraces. Analyzing various STM images we conclude that the

Figure 3. (a) STM image of a mono-and bilayer 8T/Au(111) (Vs=— 0.6 V, I, = 50 pA) showing nicely aligned molecular rows. The herringbone reconstruction of the Au(111)
surface is still slightly visible through the 8T bilayer. Inset: The cell parameters of the (i) monolayer and (ii) the bilayer calculated in averaging on 11 rows and 30 lines are the
same for both coverages, namely a =30.5 +0.5 A, b=5.8 +0.1 A and o = 90°. (b) Row assembly: Rows A and B are in phase, while B and C are anti-phase. The red line is a guide
to the eyes (V= — 0.6 V, I, = 50 pA). (c) High resolution STM image of a monolayer 8T/Au(111) (Vs =2V, I, = 200 pA). Bright features can be observed on the molecules, which
are assigned to the sulfur and the appearance of only four of them confirms the tilted absorption of the molecules in the monolayer. Note that mono-and bilayer show the
same structure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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alignment of the molecules between two rows is random (see Fig-
ure 3b) even though the STM image in Figure 3c suggests an anti-
phase alignment between adjacent rows. The cell parameters
calculated by averaging 11 rows and 30 lines are a=30.5 +0.5 A,
b=5.8+0.1A and a=90° (see inset of Figure 3a) are the same
for both coverages. The formation of well-ordered, densely packed
rows with increasing 8T coverage indicates that at higher coverage
attractive intermolecular interactions prevail in comparison to the
sub-monolayer regime (see above). The rise of attractive forces
may be associated with a molecular rearrangement from a flat to
tilted adsorption geometry. This geometry allows for intermolecu-
lar T-m-interaction (7-stacking). By comparison, in the case of thi-
ophene on Au(111) as well ason Ag(111)and Cu(111) it has been
shown that the angle between the molecular plane and the surface
increases with rising coverage, which has been attributed to inter-
molecular n-7n-interaction [40]. Figure 3b shows an image of 8T in
the monolayer measured with submolecular resolution. In spite of
the fact that single 8T molecules exhibit 8 dark depressions in the
center (see Figure 2d) only 4 are observed on the molecules in the
monolayer. This reinforces the assumption of tilted molecules in
the film.

Since the electronic properties of interfaces, viz. charge injection
barriers have a huge impact on the performance of molecular
based devices we studied the electronic structure of 8T in the
mono- and bilayer regime using STS. Figure 4a shows STS data of
the 8T/Au(111)recorded at a coverage of 1 and 2 ML, respectively.
The dI/dV-spectrum of 1 ML taken at the center of 8T molecules
shows double peak structure at positive sample bias with maxima
at 2.0 and 2.4 V. We attribute these features to be arise from the 8T
derived LUMO and LUMO + 1, respectively. At 2 ML 8T on Au(111)
the energetic position of the unoccupied molecular electronic
states with respect to the Fermi level are the same as for 1 ML,
but the LUMO and LUMO + 1 peaks are nicely resolved. The separa-
tion of 0.4 eV between the two peaks fits well to the energy differ-
ence determined on a thin 8T film by using electronic HREELS [20].
At both 1 ML and 2 ML the narrow peaks and the constant ener-
getic positions, i.e., surprisingly no decoupling effect due to the
presents of the first molecular layer is found, observed in the STS
data reveal that the adsorbate/substrate interaction and accord-
ingly the electronic coupling between the 8T molecules and the
metal surface is comparatively weak. The dI/dV spectrum of 1 ML
does not exhibit any clear peak structure up to -1.0V, a region
where we would expect to observe the HOMO of 8T. However it
is known that STS of occupied electronic states of small molecules
adsorbed on a metal surface can be affected by the high LDOS of
the metal at E. When applying a negative bias voltage between
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Figure 4. (a) dI/dV spectroscopic data taken at a monolayer and bilayer coverage of
8T on Au(111). (b) Photoemission data taken with 6 eV photons at a coverage of
0.05 and 1 ML 8T on Au(111).

the sample and the STM-tip it is normally most likely to fill the
empty states of the tip with electrons coming from occupied elec-
tronic states at Er of the metal than from molecular orbitals (e.g.,
the HOMO) due to the large difference in LDOS.

Thus, in order to gain information about occupied electronic
states of 8T on Au(111), we performed photoemission experi-
ments using 6 eV photons. Figure 4b shows photoemission data
of the 8T/Au(111) recorded at a coverage of 0.05 and 1.00 ML,
respectively. The spectrum at 0.05 ML shows a sharp feature la-
beled as SS at a binding energy of —0.48 eV with respect to Ep,
which is associated with the Shockley surface state [24]. At a cov-
erage of 1 ML 8T/Au(111) the surface state is quenched and new
features appear. The peak labeled SS’ at a binding energy of
—0.3 eV is the surface state of the adsorbate-covered Au(111) sur-
face. Its binding energy and dispersion (not shown here) is consis-
tent with results obtained from other adsorbate-covered Au
surfaces [43,24]. In addition two peaks are observed at binding
energies of —0.8 and —1.1 eV which we attribute to photoemission
from the HOMO and HOMO-1, respectively. At a bilayer coverage
we observe a slight shift of approximately 30 meV in the energetic
positions of both occupied electronic states. Note that the adsorp-
tion of 8T molecules leads to a reduction of the work function as
can be directly witnessed in the broadening of the spectra when
going from 0.05 to 1 ML. Thereby it is possible to probe deeper be-
low the Fermi level. With the LUMO located at 2.0 eV above Er and
the HOMO level at —0.8 eV with respect to Er a HOMO-LUMO gap
of 2.8 eV is obtained.

Comparing the electronic structure of 8T/Au(111) and 6T/
Au(111), in both 6T and 8T the HOMO is located at —0.8 eV with
respect to Er. STS measurements on single 6T molecules [41] show
the LUMO level at 2.0 V as for 8T/Au(111). This is surprising, since
one would accept that the energy of the LUMO level should de-
crease with respect to the Fermi level with increasing chain length
[20,21]. However the STS measurements on 6T/Au(111) were done
on single molecules, in a molecular film the intermolecular interac-
tion may lead to shifts in the energetic position of the molecular
states, for instance a site-specific polarization of molecules has
been demonstrated for tetracene adsorbed on Ag(111) [42]. In-
deed, two-photon photoemission measurements revealed an ener-
getic position of the LUMO at a coverage of 1 ML 6T of 2.1 eV above
Er [44]. Hence, at 1 ML coverage 6T/Au(111) and 8T/Au(111) pos-
sess a HOMO-LUMO gap of 2.9 and 2.8 eV, respectively, viz. the gap
in 8T is smaller than in 6T, which is in agreement with the predic-
tion [20,21].

4. Conclusion

In summary, scanning tunneling microscopy (STM) and spec-
troscopy (STS) as well as photoemission spectroscopy (PES), have
been utilized in order to study the adsorption behavior and the
electronic structure of o-octithiophene (8T) on Au(111) as a func-
tion of 8T coverage. At a submonolayer coverage 8T adsorbs pref-
erentially at the step edges of the Au(111) surface. With
increasing coverage 8T are also found on the terraces in a bended
or linear configuration. Due to repulsive forces no nucleation or is-
land formation are observed in this low-coverage regime. In con-
trast, for a monolayer (ML) well-ordered rows forming a closely
packed film are found. The molecules are arranged in a tilted
geometry with respect to the surface plane, which permits an
intermolecular 7-7-interaction. In the second layer the molecules
adopt the same adsorption geometry as in the first layer. From STS
measurements the energetic position of the lowest unoccupied
molecular orbital (LUMO) and the LUMO +1 have been deter-
mined. They are located at 2.0 and 2.4 eV with respect to the Fermi
level of the Au(111) surface at a coverage of 1 ML. The energetic
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positions of the electronic molecular states are the same in the sec-
ond (decoupled) layer indicating that the adsorbate/substrate
interaction and accordingly the electronic coupling are not strong.
PES allowed to determine the energetic position of the highest
occupied molecular orbital (HOMO) and HOMO-1, which are lo-
cated at —0.8 and —1.1 eV with respect to the Fermi level, respec-
tively. Thus a HOMO-LUMO gap of 2.8 eV is obtained.

Since 8T on Au(111) forms well-ordered, closed packed films
with a defined interface further experiments, concerning the
charge carrier and exciton dynamics, energetics and localization/
delocalization at the interface between 8T and the Au(11 1) surface
as well as within the 8T film using time- and angle-resolved two-
photon photoemission spectroscopy, are in progress. These exper-
iments gain important insights into elementary processes relevant
for the performance of molecule-based optoelectronic devices.
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The adsorption behavior of a-octithiophene (8T) on the Au(111) surface as a function of 8T
coverage has been studied with low-temperature scanning tunneling microscopy, high resolution

electron energy loss spectroscopy as well as with angle-resolved two-photon photoemission and
ultraviolet photoemission spectroscopy. In the sub-monolayer regime 8T adopts a flat-lying
adsorption geometry. Upon reaching the monolayer coverage the orientation of 8T molecules
changes towards a tilted configuration, with the long molecular axis parallel to the surface plane,

facilitating attractive intermolecular m—m-interactions. The photoemission intensity from the
highest occupied molecular orbitals (HOMO and HOMO — 1) possesses a strong dependence on
the adsorption geometry due to the direction of the involved transition dipole moment for the

respective photoemission process. The change in molecular orientation as a function of coverage

in the first molecular layer mirrors the delicate balance between intermolecular and molecule/
substrate interactions. Fine tuning of these interactions opens up the possibility to control the

molecular structure and accordingly the desirable functionality.

1 Introduction

Organic molecules are promising candidates for applications in
optoelectronic devices, for example in organic photovoltaic cells
(OPVC),'? organic light-emitting diodes (OLEDs)"** or organic
field effect transistors (OFETs).>™> Due to their semiconducting
properties, oligothiophenes show a high potential for the above-
mentioned applications. The variation of the chain length of
these m-conjugated compounds allows us to tune their optical
and electronic properties.® '° For instance, it has been shown by
high resolution electron energy loss spectroscopy (HREELS)
that the size of the gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) can be tuned by the number of thiophene rings.'! So
far, the longest unsubstituted a-oligothiophene that has been
synthesized is the a-octithiophene (8T). It possesses the highest
carrier mobility in the class of unsubstituted oligothiophenes.'>!?

It is well-known that the properties of interfaces between
active layers are crucial for the performance of optoelectronic
devices. For oligothiophenes it has been shown that the
orientation of the molecules is of particular importance'*
especially for the light emission/absorption and charge
transport properties. Intermolecular interaction competes with
molecule/substrate interaction both defining the adsorption
geometry and the arrangement of the molecular film and
accordingly the electronic structure of the system. For instance,
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14195 Berlin, Germany. E-mail: petra.tegeder@physik.fu-berlin.de
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a-sexithiophene (6T) has been found to form well-ordered films
with molecules flat-lying on Au films while tilted by about 70°
with respect to the surface plane on Ag and Cu films, respec-
tively.'® Since the quality and the properties of these interfaces
are substantially dominated by the adsorption of the first
molecular layer, it is important to gain detailed information on
its geometry. Although the adsorption behavior of 6T on
different metal surfaces has been intensively studied,'®? so far
only two recent scanning tunneling microscopy (STM) studies
investigated the adsorption of 8T on Cu(111)*° and Au(111).*” In
the latter we analyzed the adsorption behavior ranging from
single molecules to the first two layers of 8T on Au(111). Thereby,
we proposed that the molecular adsorption geometry is
changing from flat-lying 8T in the sub-monolayer regime to
a tilted geometry in the first monolayer. However, no conclusive
proof on the adsorption geometry of 8T/Au(111) on the basis
of the STM results could be given.

In the present contribution we utilized complementary experi-
mental techniques, namely STM, HREELS, as well as two-
photon photoemission (2PPE) and ultraviolet photoemission
spectroscopy (UPS) in order to obtain a comprehensive picture
on the adsorption behavior of 8T on Au(111) as a function of
8T-coverage. We found that 8T adopts a planar (flat-lying)
adsorption geometry in the low-coverage regime (<« 1 monolayer,
ML), whereas for higher coverage (~1 ML) the molecules
realign to a tilted configuration, with the long molecular axis
parallel to the surface. This variation in geometry is accom-
panied by a change in the photoemission intensity from the
HOMO and HOMO — 1 due to the modification in the
direction of the transition dipole moment for photoionization.

This journal is © the Owner Societies 2012
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2 Experimental section

All experiments were performed under ultrahigh vacuum (UHYV)
conditions (base pressure 10~'" mbar) using three different setups,
each holding one of the complementary experimental techniques
used in this experiment: scanning tunneling microscopy (STM),
high resolution electron energy loss spectroscopy (HREELS), and
two-photon photoemission (2PPE) spectroscopy.

The Au(111) surface was prepared by repeated cycles of
Ar" sputtering (1.5 keV, 5 pA cm™>) followed by annealing at
800 K. 8T molecules (Advanced Technology and Industrial
Co., Ltd.) were first out-gassed in the vacuum for several
hours and then evaporated from an organic molecular beam
effusion cell held at 510 K at a substrate temperature of 300 K.

The STM (Createc based design) was operated typically at
15 K to obtain high-resolution topographic data. Topographic
data were acquired in the constant current mode, with typical
tunneling resistances in the range of 10-104 MQ.

The HREEL spectra were recorded at a sample temperature
of 100 K, in both specular (0; = 0, = 60°) and off-specular
(0; = 537 0, = 60°) scattering geometries. The energy of the
primary electrons was set to 3.5 eV, with an overall resolution
around 3.1 meV measured as the full-width at half-maximum
of the elastic peak. In specular scattering geometry, the
spectral signal contains both dipole- and impact-scattering
components. The selection rule for dipole-scattering at metal
surfaces is the same as that for infrared reflection absorption
spectroscopy. This means that only vibrations with a non-
vanishing component of the dipole moment change normal to
the metal surface are observable. Thus making HREELS ideal
for characterizing the geometrical structure and predominant
orientation of adsorbates. To distinguish between dipole- and
impact-scattering components, off-specular spectra arising
only from impact-scattering were obtained at an incident angle
of 53° (corresponding to 7° off-specular), keeping the angle of
the reflected beam unchanged.

For the 2PPE measurements a tunable femtosecond (fs) laser
system, consisting of a Ti/sapphire oscillator in combination with
a 300 kHz regenerative amplifier, was used. It supplies pulses
with a central wavelength of 830 nm. Twice performed frequency
doubling of the fundamental beam in B-barium borate (BBO)
crystals yields pulses with a photon energy of 6 eV. Furthermore
the output is used to pump an optical parametrical amplifier
(OPA), which yields photons with a tunable energy in the range
from 1.7 to 2.7 eV. Through frequency doubling in a BBO
crystal, the photon energy range from 3.4 to 5.4 eV is achieved.
After thorough temporal compression, pulses with a duration
around 60 fs are obtained. These are focused onto the sample
under an angle of 45° with respect to the surface normal.
Photoelectrons are detected in a custom-built time-of-flight
(TOF) spectrometer and are analyzed with respect to their kinetic
energy (Eiin). The energy resolution of the TOF spectrometer
depends on the kinetic energy of the electrons, it is 20 meV at
Eyin = 1 eV (for details see ref. 28 and 29).

3 Results and discussion

We first studied the adsorption behavior of 8T in the sub- and
monolayer regime with STM. It has been shown that in the

sub-monolayer regime 8T molecules adsorb preferentially at
the step edges and the fcc packing regions of the reconstructed
Au(111) surface without forming ordered islands or exhibiting
any other indication of self-assembly. The sub-molecular
resolution STM image of a single molecule, as shown in
Fig. 1(a), exhibits 8 regular maxima which are related to the
8 thiophene rings within the molecule.”” In the monolayer
regime 8T possesses a well-ordered and densely packed struc-
ture in which the molecules are aligned in rows parallel to each
other’s backbone as shown in Fig. 1(b). The formation of self-
assembled layers with rising coverage implies the development
of attractive intermolecular interactions in contrast to the sub-
monolayer regime and may be related to a reorientation. The
high resolution STM image of 1 ML 8T on Au(111) (Fig. 1(b))
shows only 4 dark depressions per molecule instead of the
8 observed for the single molecules. This observation may be
attributed to a change in adsorption geometry from planar,
flat-lying molecules in the sub-monolayer regime to a tilted
configuration in the monolayer. The latter would allow for
attractive intermolecular m—m-interaction (m-stacking). Note
that the 8T bilayer exhibits the same structure as the ML.?’

To gain a deeper insight into the adsorption properties of 8T
on Au(111) as a function of coverage we performed angular
dependent HREELS measurements (Fig. 2). The HREEL
spectra shown in Fig. 2(a) and (b) are recorded in specular
and off-specular geometry. For a sub-monolayer coverage
(Fig. 2(a)), the specular spectrum is dominated by three very
intense features, which can be assigned to out-of-plane vibrations,
namely the ring deformation (y(ring): 441 cm™') and to C-H
deformation modes (y(C-H): 674 cm™', 774 cm™"), respec-
tively. The vibrational frequencies and the assignments are
listed in Table 1 together with the literature values of vibra-
tional modes of condensed 8T.** In off-specular scattering
geometry these features become very weak indicating that their
intensities are predominantly originating from dipole-scattering.
In-plane modes of 8T located in the energy range between
1000-1500 cm ™! in the infrared spectrum of condensed 8T>°
are not observed in HREELS, whereas the out-of-plane modes
are strong. This leads to the clear indication that 8T adopts a
planar geometry in the low-coverage regime.

When increasing the coverage towards one monolayer, the
number of vibrational modes visible in the spectrum rises
significantly, pointing towards a change in the molecular

Fig. 1 (a) Sub-molecular resolution STM image of a single molecule
exhibiting 8 features corresponding to the 8 thiophene rings within the
molecule. (b) High resolution STM image of a monolayer 8T/Au(111)
(Vs = 2V, I, = 200 pA). Four bright features can be observed on the
molecules, which are assigned to the sulfur atoms (see text for details).
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Fig. 2 HREEL spectra recorded with a primary electron energy of
3.5eV of 8T/Au(111) as a function of coverage: (a) sub-monolayer and
(b) monolayer 8T measured in specular and 7° off-specular scattering
geometry. (¢) Comparison between HREEL spectra for a sub-ML and
1 ML 8T recorded in specular scattering geometry.

Table 1 Vibrational frequencies (in cm™') and assignments for
sub-ML and ML 8T adsorbed on Au(111), and for condensed
8T, respectively [v: stretching; ¢: in-plane bending; y: out-of-plane
bending; da indicates a strong dipole activity]

Assignment Sub-ML ML Solid*
y (ring) 441 (da) 449 455
y (C-H) 674 (da) 682 687
y (C-H) 774 (da) 794 790
o (C-H) — 1065 (da) 1047
o (C-H) — 1229 (da) 1222
vs (C=C) — 1441 (da) 1424
Vs (C=C) — 1482 (da) 1491
v (ring) — 1582 (da) 1510
vs (C-H) — 3075 (da) 3050

adsorption geometry (see Fig. 2(b)). In detail, the observation
of dipole active in-plane modes in the energy region between
1000-1500 cm ™! such as the C—=C symmetric and asymmetric
stretch modes (v(C=C): 1441 cm™"; 1, (C=C): 1482 cm™"),
the C—H bending mode (¢(C—H): 1065 and 1229 cm™"), and
the symmetrical stretch vibration of the C—H group (v5(C—H):
3057 cm™ '), demonstrates that the molecules are tilted with
respect to the substrate. Fig. 2(c) represents a comparison

between HREEL spectra recorded in specular scattering geometry
for a sub-ML and a ML 8T. In addition to the presence of
dipole active in-plane modes at a coverage of 1 ML, the out-
of-plane modes at 441, 674, and 774 cm~' lose intensity
compared to the sub-ML spectrum, which also underline the
coverage dependent reorientation. Thus from the vibrational
analysis we conclude that 8T molecules change their adsorption
geometry from flat-lying in the sub-ML regime to a tilted
geometry when reaching a monolayer coverage.

Generally, the molecular adsorption structure is governed
by the strength of adsorbate/substrate interaction, viz. the
electronic coupling strength and adsorbate/adsorbate inter-
action. The formation of well-ordered, densely packed rows
with increasing 8T coverage indicates that at higher coverage
attractive intermolecular interactions prevail in comparison to
the sub-monolayer regime. The rise of attractive forces is
associated with a molecular rearrangement from a flat to a tilted
adsorption geometry, allowing for intermolecular m—m-inter-
action (m-stacking). By comparison, in the case of thiophene
on Au(111) as well as on Ag(111) and Cu(111) it has been
shown that the angle between the molecular plane and the
surface increases with rising coverage, which has been attributed
to intermolecular m—m-interaction.>' In contrast, a-sexithiophene
(6T) on Au(111) adopts in both the sub-ML and monolayer
regime a planar, flat-lying adsorption geometry.'®!® The
reason for the different adsorption behavior between 8T and
6T on Au(l11) is not obvious since at least the electronic
structure of both molecules on Au(111) is very similar.?’-3
However, this demonstrates that with fine balance between
intermolecular interactions and molecule/substrate interactions
the molecular structure can be varied, resulting in desirable
functionalities.

The change in adsorption geometry as a function of 8T-
coverage can also be observed by two-photon photoemission
as will be shown in the following. Fig. 3(a) shows angular-
dependent two-color 2PPE measurements recorded with
2.18 eV and 4.36 eV photons at 0.5 ML 8T/Au(111). At this
coverage the molecules are still flat-lying. Two dominant
features are observed and on the basis of photon energy
dependent measurement (data not shown here), we can assign
them to occupied or unoccupied electronic states. The broad
feature around Egj,, — EF = 6.12 eV contains contribution of
the Shockley surface state (SS) located at —0.42 eV with
respect to Er and the n = 1 image potential state (IPS)
at 0.6 eV below the vacuum level (corresponding to 3.98 eV
above Er).”® Note that both states show a dispersion. The
peak at Erjn. — Er = 5.78 eV is an occupied state located at
—0.78 eV, which we attribute to photoemission from the
HOMO of 8T.>” When turning the sample toward negative
angles (see Fig. 4(a)) the electric field of the incoming p-polarized
light becomes more perpendicular to the molecular backbone
of the flat-lying 8T, and obviously the photoemission intensity
from the HOMO increases. It has been shown that the
photoemission yield (/) from a respective state can depend
on the angle of incidence of the laser pulses. Thus, 7 should be
proportional to the square of the projection of the electro-
magnetic field vector Ejio,, onto the transition dipole moment
for photoionization pye,: I oc \Eligm_,uion\z.33 This reveals that
the transition dipole moment for the photoemission from the

This journal is © the Owner Societies 2012
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Fig. 3 (a) Angular-dependent two-color 2PPE measurements of
0.5 ML 8T/Au(111) measured with 2.18 eV and 4.36 ¢V photons.
An increase of the photoemission intensity from the HOMO is
observed when turning the sample from positive to negative angles
(see text). (b) Direct photoemission spectra recorded with a photon
energy of 6 eV at various 8T coverages.

HOMO is oriented nearly perpendicular to the molecular
backbone.

Fig. 4(b) displays a set of UPS spectra taken with 6 eV
photons at various 8T coverages. The spectrum at 0.05 ML
shows a sharp feature labeled as SS at a binding energy of
—0.48 eV with respect to Ep, which is associated with the
Shockley surface state.”® At higher coverages SS is quenched
and new features appear. The peak labeled SS’ at a binding
energy of —0.3 eV is the surface state of the adsorbate-covered
Au(111) surface. Its binding energy and dispersion (not shown
here) is consistent with results obtained from other adsorbate-
covered Au surfaces.?® In addition two peaks are observed at
binding energies of —0.8 and —1.1 eV which we attribute to
photoemission from the HOMO and HOMO — 1, respectively.
Most striking is the opposed behavior of the photoemission
intensity arising from the HOMO and HOMO — 1 when
increasing the amount of molecules. The photoemission intensity
from the HOMO decreases while it increases for the HOMO — 1

a)
AN
4 N\
[ ] sample
flat-lying 8T
<<1ML
p-pol / \
TOF
b) HOMO

HOMO-1

Fig. 4 (a) Scheme of the experimental setup for angle-resolved 2PPE
measurements. For coverages below 1 ML 8T adopts a flat-lying
adsorption geometry. (b) Calculated HOMO and HOMO — 1 of a
free standing 8T molecule using density functional theory (DFT). DFT
calculations have been performed utilizing the hybrid functional
MO06® and the Dunning-Huzinaga basis set cc-pVDZ?7 implemented
in the Gaussian09*® program package. For visualization of the MOs
GaussView5* has been employed.

with rising coverage. As demonstrated above, when increasing
the coverage toward the monolayer regime the adsorption
geometry of 8T on Au(111) changes from flat-lying to a tilted
configuration. Thus, the angle between the incoming p-polarized
laser beam and the molecular plane increases and Iomo
decreases. In contrast, the increase of Ijomo—1 shows that the
photoionization transition dipole moment of the HOMO — 1 lies
parallel to the molecular backbone.

To corroborate our interpretation we applied symmetry
selection rules (Laporte selection rule (i.e. a dipole transition
is only allowed when the initial and final state have opposite
parity) for planar all-trans conjugated 8T with Cy, sym-
metry**). The HOMO and HOMO — 1 can be assigned to
molecular orbitals with B, and A4, symmetries, respectively
(see Fig. 4(b)). In the low coverage regime where the 8T
molecules lie flat on the surface, normal emission is allowed
for the HOMO but forbidden for the HOMO — 1, which does
support our data. In the case of the higher coverage regime
where the molecular plane is now tilted relative to the sub-
strate plane, as well as to the detector, transition from the
HOMO - 1 is not forbidden anymore and emission from the
HOMO can still occur, however with a lower probability (see
Fig. 4(a)). A further increase of the photoemission intensity
from the HOMO — 1 for coverages above 1 ML may be
attributed to a higher number of molecules present on the surface.
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Note that also final state effects influence the photoemission
intensities.*’

Finally, it can be seen in Fig. 3(b) that with increasing coverage
the HOMO shifts by 40 meV toward lower binding energies,
while the HOMO — 1 shifts by 70 meV to a higher binding
energy. To explain these effects we have to look at the
Kohn—Sham orbitals shown in Fig. 4(b), which are calculated
at the M06/cc-pVDZ level** using Gaussian09.>® The HOMO
appears to be located along the m-bonds in the plane of the
molecule, thus the electronic coupling of this state is stronger in
the sub-monolayer regime when the 8T molecules lie flat on the
surface and decreases with rising coverage since the 8T molecules
change their adsorption geometry. In contrast, the HOMO — 1 is
partially located at the sulfur atoms. This leads to a stronger
electronic coupling in the tilted molecular configuration due to
the thiophilicity of the Au surface.

4 Conclusions

In summary, the adsorption behavior of a-octithiophene (8T)
on Au(l11) as a function of coverage ranging from the
sub-monolayer to monolayer regime has been analyzed with
scanning tunneling microscopy (STM) and high resolution
electron energy loss spectroscopy (HREELS). At a sub-monolayer
coverage 8T molecules adsorb in a flat-lying adsorption
geometry. Upon reaching the monolayer (ML) coverage the
molecules realign forming a well-ordered film with the molecules
tilted with respect to the surface plane. This geometry permits
attractive intermolecular m—n-interaction. The change in the
adsorption geometry with increasing coverage has also been
followed in photoemission experiments, namely ultraviolet
photoemission spectroscopy (UPS) and angle-resolved two-
photon photoemission (2PPE). The photoemission intensity
from the HOMO and HOMO - 1, which are located at —0.8
and —1.1 eV with respect to the Fermi level, exhibited a strong
dependence on the adsorption geometry due to the direction of
the involved transition dipole moment for the respective
photoemission process. In addition the energetic position of
both the HOMO and HOMO - 1 shifted as the molecular
orientation with respect to the surface changed. This effect has
been explained by the different electronic coupling of the
particular electronic state with the gold substrate.

Due to the change in the adsorption geometry as a function
of 8T coverage, it is very interesting to gain insights into
charge carrier dynamics at the interface between 8T and
Au(111) as a function of the molecular orientation. The
dynamics of charge carriers are of particular relevance for
the performance of molecule-based optoelectronic devices.
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Abstract Femtosecond time-resolved two-photon photoe-
mission spectroscopy is employed to study the dynamics
of the non-equilibrium electron distribution in the con-
ducting polymer poly(3,4-ethylene-dioxythiophene): poly-
(styrenesulfonate) (PEDT:PSS) film following optical
excitation at 2.1 eV. We found that the electron thermal-
ization occurs on a ultrafast timescale of around 60 fs anal-
ogous to the relaxation times of optically excited electrons
in Au(111).

1 Introduction

m-Conjugated polymers are promising as low-cost and eas-
ily processable alternatives to inorganic semiconductors or
metals in electronic applications. Utilizing intrinsic conduct-
ing polymers (ICP) as electrodes and hole injection layers in
optoelectronic devices based on organic materials is thereby
a key for a successful implementation of organic elec-
tronics. One of the prototypical ICP is poly(3,4-ethylene-
dioxythiophene):poly(styrene-sulfonate) (PEDT:PSS; see
Fig. 1), which has been used for instance for the fabrication
of very efficient organic light emitting diodes (OLED) [1, 2]
and field-effect transistors [3, 4]. In PEDT, double bonds
are alternating with single bonds along the polymer chain.
Thereby the unhybridized p,-orbital of one carbon atom
overlaps with the p,-orbital of the neighboring carbon atom
to form a w-bond, in which the electrons are weakly bound
and therefore are relatively delocalized. However, due to
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the different bond length of the single and double bond, the
Peierls instability splits this band into two sub-bands, the
completely filled valence band and an empty conduction
band, separated by an energy gap. Hence the material is a
semiconductor, but through doping with PSS the polymer
becomes conductive. It has been shown that charge carriers
created after absorption of light in m-conjugated polymer
are polarons [5]. The strong electron—phonon coupling of
these quasi-particles gives rise to new energy states in the
band-gap, thus the polymer absorbs in the IR region and is
transparent [6]. Moreover, varying the ratio of PEDT:PSS
induces changes in the micromorphology which facilitate
adjustment of the overall conductivity of thin films [7]. In
OLEDs PEDT:PSS is one of the most frequently used anode
material due to its high work function and accordingly the
low hole injection barrier. It has been shown that the work
function possesses values between 5.0 and 5.6 eV, which
was mainly attributed to the amount of residual water in thin
films [8]. Thus the work function (@) can be much higher
than the values known for atomically clean gold surfaces
(e.g., P(Au(l11)) =5.4eV [9)).

It is known that the charge transport in this class of poly-
mers is dominated by disorder leading to charge localiza-
tion that is dominant at all practical temperatures, i.e. tem-
peratures where no damage of the material occurs. In this
material, polarons are formed in less ordered regions of the
doped polymers [10]. Interacting with phonons, charge car-
riers hop from localized sites to another. Upon transport, the
charge carriers can either transfer their energy to the lattice
by exciting phonons or radiative recombination gives rise to
photoluminescence.

The dynamics of electronic excitations in organic mole-
cules or polymers with potential application in optoelec-
tronic devices plays an important rule. Up to now the dy-
namics of electrons in PEDT:PSS has only been studied by

@ Springer
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poly(ethylene-dioxythiophene):
poly(styrenesulfonate) (PEDT:PSS)

Fig. 1 Chemical structure of the conducting polymer mixture
PEDT:PSS

infrared-induced transient adsorption in the sub-picosecond
time-domain [11]. Femtosecond (fs) time-resolved two-
photon photoemission (2PPE) spectroscopy has been used
to study electron thermalization in various metals, metallic
films and semiconductors [12—19] but interestingly so far
this technique has not been utilized to investigate the dy-
namic behavior of charge carriers in conducting polymer
films. In metals, light is adsorbed near the surface within the
optical penetration depth of typically 10-20 nm. This leads
to the creation of free charge carriers, which relax predomi-
nantly by electron—electron (e—e)-scattering on a femtosec-
ond timescale. Subsequent energy transfer to the lattice by
electron—phonon (e—ph)-scattering occurs on a picosecond
timescale. In addition, the nascent carrier distribution is also
depleted by transport of excited carriers into the bulk. An
important difference between metal and polymer films is the
penetration depth of light. For the polymer films the cross
section for photon absorption is not very high. Moreover,
the charge carrier density in PEDT:PSS is in the order of
102 ¢m—3 [20], while in metals it is around 10?2 ¢cm ™3

In this contribution we investigate the relaxation dynam-
ics of photoexcited electrons in PEDT:PSS and Au(111)
in the fs time domain using 2PPE. The comparison of the
charge carrier dynamics between these two classes of ma-
terials is motivated by the potential use of PEDT:PSS as
an electrode material instead of metals in optoelectronic ap-
plications. For the polymer we observed electron relaxation
times in the order of 60 fs, akin to the timescale determined
for Au(111).

2 Experimental
The present experimental setup combines a tunable fem-

tosecond laser system with an ultrahigh vacuum chamber
for two-photon photoemission (2PPE) spectroscopy.

@ Springer

For the 2PPE measurements, femtosecond laser pulses
are generated by a 300 kHz Ti:Sapphire laser system, which
pumps an optical parametric amplifier (OPA). The OPA de-
livers pulses with a tunable photon energy between 1.7 and
2.7 eV output. These pulses can be frequency-doubled in a
BBO crystal to generate ultraviolet pulses (3.4-5.4 eV pho-
ton energy). After a thorough temporal compression pulses
with a duration of about 60 fs are obtained. The laser pulses
are incident on the surface with an angle of 45° with respect
to the surface normal. While the pump pulse Av; excites an
electron from below the Fermi level (Er) to intermediate
unoccupied states at energies £ — Er = Exin + @ — hvy
(with @ the work function), the probe pulse ~v, photoion-
izes the sample by lifting the excited electron above the vac-
uum level (Ey,c). Photoelectrons are detected in a custom-
built time-of-flight spectrometer and are analyzed with re-
spect to their kinetic energy (Ekin) (for details see [21]).

The commercial PEDT:PSS dispersion with a PEDT:PSS
ratio of 1:6 (Baytron® P AI4083) was used. Thin films were
prepared by spin casting the dispersion on freshly cleaned
and UV/ozone-treated (for 30 min) indium tin oxide (ITO;
on glass) substrate in ambient. After heating the sample at
approximately 200°C for 5 min it was transferred into the
ultrahigh vacuum system for the time-resolved photoemis-
sion experiments.

3 Results and discussion

To gain insight into the dynamics of photoexcited hot elec-
trons after excitation of a PEDT:PSS film with short laser
pulses, fs time-resolved 2PPE has been used. In Fig. 2,
a two-dimensional false color representation of the photoe-
mission intensity of PEDT:PSS recorded with photon en-
ergies of hvy = 2.1 eV for the visible and hv, = 4.2 eV
for the UV laser pulses represents the electron distribution
as a function of both time delay (horizontal axis) and en-
ergy (vertical axis). The spectrum is displayed as a function
of final state energy above the Fermi level, Efijna — Er =
Exin + @, thus the energy of the secondary edge corresponds
to the work function of PEDT:PSS which is 5.1 eV. Depend-
ing on the sequence of laser pulses (or formally the sign of
the pump-probe delay), the dynamics are probed either near
EF or at higher intermediate state energies. Negative delays
correspond to populating intermediate electronic states with
UV light pulses (h1v,), while the visible pulses (hv;) subse-
quently probe the excited electron distribution. On the other
hand, for positive delays the electrons are excited to inter-
mediate states close to the Fermi level (hot electrons) with
the visible pulses (hv;) and are subsequently probed by the
UV pulses (hv2). Analyzing the two-dimensional data set by
extraction of the time-dependent 2PPE photoelectron yield
integrated over the energy intervals centered on the state of
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Fig. 2 2PPE intensity (color map) as a function of pump-probe de-
lay (horizontal axis) and final state energy above the Fermi level
(EF) (vertical axis) from PEDT:PSS recorded with photon energies
of hvy = 2.1 eV for the visible and hv; = 4.2 eV for the UV laser
pulses. The excited electron distribution is probed with #v; at negative
delays, while at positive delays it is probed with /v

interest, i.e., hot electron distribution, provides the temporal
evolution of the electron population, referred to as cross cor-
relation traces as shown in Fig. 3(a). The cross correlation
curves are recorded at intermediate state energies E — EF
between 0.9 and 1.8 eV.

In general, several processes contribute to the observed
population decay in 2PPE. Relaxation out of a given energy
interval above E — E is affected by electron—electron (e—e)
scattering, electron—phonon (e—ph) or electron—defect scat-
tering and by transport out of the detection volume. The rate
of e—e scattering (i.e., the inverse inelastic lifetime) is given
by a screened Coulomb interaction and the available phase
space depending on the energy above the Fermi level [22].
However generation of secondary electrons by Auger de-
cay of electrons and holes may also increase the population
in particular in energy intervals close to Er. Therefore the
measured relaxation times cannot be simply identified with
electron lifetimes at least for energies close to Ef.

The relaxation times are determined by fitting the cross
correlation curves with a convolution of the pump probe
cross correlation with a single exponential decay. For en-
ergies above 1.2 eV the fit describes the data well. For lower
energies the electron population is more and more domi-
nated by refilling processes with secondary electrons. The
relaxation times as a function of intermediate state energy
(E — EF) are displayed in Fig. 3(b) together with the corre-
sponding values for Au(111). We would like to indicate two
main points: (i) The lifetime, and hence the inelastic mean
free path, is strongly energy-dependent. The curve shows
a clear increase in relaxation time as Ef is approached.
This faster relaxation for higher energies above E — Ef
is due to availability of more phase space (see above). (ii)

Log 2PPE Intensity [arb. units]

200 0 200 400 600 800
a Pump-probe delay [fs]
T e
% 300 - ® ® PEDT:PSS
© i ° = Au(111)
£
= 200 °
o °
= ]
X
% 10049 4 - i
x i L ® e o0
" m =g
0_|III|III|III|III|III|I
08 10 12 14 16 18
b Intermediate state energy [eV]

Fig. 3 (a) Cross correlation curves for PEDT:PSS recorded at inter-
mediate state energies E — Ef between 1.1 and 1.7 eV. (b) Relax-
ation times of the photoexcited electron distribution for PEDT:PSS and
Au(111)

The comparison with Au(111) shows that for intermediate
state energies above approximately 1.5 eV the relaxation
times for PEDT:PSS and Au are very similar. The relaxation
time for PEDT:PSS is less than a factor 2 higher. For met-
als, the e—e interaction is efficiently reduced by screening,
which attenuates Coulomb interactions. For PEDT:PSS, de-
spite a lower charge carrier density, the screening of carrier—
carrier Coulomb interaction seems also efficient. Moreover,
due to the polaronic nature of the charge carriers in the
polymer, electron—phonon interaction is much more efficient
than in the case of a metal, leading to comparable relax-
ation times in the two materials. For intermediate state en-
ergies below 1.5 eV the relaxation times in both materi-
als differ significantly; in PEDT:PSS the electrons exhibit
much longer lifetimes. We attribute this to refilling effects,
viz. the creation of secondary electrons by decay of excited
electrons into lower energetic states (cascade electrons) and
Auger electrons. Furthermore, polaronic hopping to neigh-
boring weakly localized states reduces the probability of ra-
diative recombination by meeting a polaron of the opposite
charge at low carrier excitation density. Note that the small
slope change in the relaxation time of electrons in Au(111)
around 1.5 eV has been associated with photoexcitation of
d-electrons as for copper [15].
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Abstract Femtosecond time-resolved two-photon photoe-
mission spectroscopy is employed to study the dynamics of
an excited state in a thin regioregular poly(3-hexylthiophene)
(RR-P3HT) film deposited on a conducting polymer
poly(3,4-ethylene-dioxythiophene): poly-(styrenesulfonate)
(PEDT:PSS) electrode following optical excitation at 2.1 eV.
We found that the biexponential decay of this excited state
has a fast component (2.6 ps) assigned to bound polaron
pairs which recombine quickly or separate to be added to
the slow component (7.6 ps). The latter is attributed to po-
larons generated via charge transfer between adjacent poly-
mer chains.

1 Introduction

Organic photovoltaic cells (OPVC) are one of the most
auspicious alternative for traditional silicon-based solar
cells [1, 2]. This new generation of solar cells is fabricated
using either small molecules or polymers as active semicon-
ductor layers. The latter are favored because of their higher
potential for real low-cost and large-area production as thin
homogeneous polymer films can be easily made from so-
lution. The best performances for polymer-based OPVCs
are obtained using regioregular poly(3-hexylthiophene)
(RR-P3HT) as donor material (up to ~5% efficiency [3])
and poly(3,4-ethylene-dioxythiophene): poly-(styrenesulfo-
nate) (PEDT:PSS) (see Fig. 1) is the electrode of choice
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for almost all OPVCs due to its transparency in the visi-
ble spectrum [4], its high conductivity [5], and work func-
tion. In P3HT electrons are usually delocalized on the
m-conjugated backbone of the polymer, resulting in a high
conductivity in the organic film, which can be increased up
to 1000 S/cm when doped with iodine [5]. In this work we
are using regioregular RR-P3HT showing self-organization
of the chains into a lamellae structure resulting in rela-
tively strong interchain interactions compared to regioran-
dom (RRa) P3HT that keeps a more chainlike morphology
in the film.

In order to optimize device performance, good knowl-
edge of the electronic properties of the polymers is needed.
In this study we utilized time-resolved two-photon photoe-
mission (2PPE) in order to gain insight into the excited states
dynamics in the polymer film deposited on PEDT:PSS. At
present, studies on the dynamics of electronic excitations
and charge transfer processes at the adsorbate/substrate in-
terface are limited to rather simple molecular systems (small
molecules) adsorbed on single-crystal metal or semiconduc-
tor surfaces [6—16]. In the literature only a few 2PPE studies
using nanosecond laser pulses on conjugated polymer films
on metal substrates [17-24] exist. However, interfaces of di-
rect relevance to OPVCs, i.e., conjugated polymer/polymer
electrode have so far not been addressed. Here we show that
2PPE is a suitable tool to probe excited states dynamics in
thin polymer films, namely the polaron dynamics in thin
P3HT films.

2 Experimental
Two-photon photoemission spectroscopy The experimen-

tal setup combines a tunable femtosecond laser system
with an ultrahigh vacuum (UHV) chamber for time-resolved

@ Springer



E. Varene, P. Tegeder

PEDT

n

a so, SoH so, soH PSS

P3HT

Fig. 1 Chemical structure of (a) the conducting polymer mixture
PEDT:PSS and (b) P3HT

two-photon photoemission spectroscopy and surface sci-
ence techniques. For the 2PPE measurements, femtosec-
ond laser pulses are generated by a 300 kHz Ti:Sapphire
laser system which pumps an optical parametric amplifier
(OPA). The visible output with photon energies between
1.7 eV and 2.7 eV is frequency doubled to generate ultra-
violet pulses. The frequency doubled pulses hv, and the
visible fundamental Av; are delayed with respect to each
other (pump and probe pulse) and focused onto the sample.
Thereby a pulse duration of around 60 fs is achieved [15].
While the pump pulse excites an electron from below the
Fermi level EF to intermediate unoccupied states at ener-
gies E = Exin + ® — hvy (with @ the work function), the
probe pulse photoionizes the sample by lifting the electron
above the vacuum level (Ey,c). Photoelectrons are detected
in an electron time-of-flight (TOF) spectrometer and ana-
lyzed with respect to their kinetic energy Eyi,. The energy
resolution of the TOF spectrometer depends on the electron
energy; in the range of Exj, ~ 1 eV, it is around 20 meV.

Film preparation As substrates, indium-tin-oxide (ITO)
coated glass substrates (sheet resistance 15-30 ) were
used. ITO samples were cleaned by ultrasonication in
acetone and isopropanol. PEDT:PSS (AI4083, H.C. Stark
GmbH and Co. KG) was deposited by spin coating at
1500 rpm and dried at 200°C for 5 min at ambient at-
mosphere. P3HT (Aldrich M,, ~ 64.000) was spin-coated
(3000 rpm) in inert atmosphere from chloroform solu-
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tion with various concentrations (0.5 mg/ml, 1 mg/ml, and
2 mg/ml).

3 Results and discussion

In the following we discuss the results on the charge carrier
dynamics in thin regioregular RR-P3HT films on PEDT:PSS
obtained by time-resolved 2PPE. In Fig. 2, a false color rep-
resentation of the photoemission intensity of a 24-nm RR-
P3HT film on PEDT:PSS recorded with photon energies of
hvy = 2.1 eV for the visible and hv, =4.2 eV for the UV
laser pulses represents the electron distribution as a func-
tion of both time delay (horizontal axis) and energy (vertical
axis). Depending on the sequence of laser pulses (or for-
mally the sign of the pump-probe delay), the electrons are
probed either near Er or at higher intermediate state ener-
gies. Negative delays correspond to populating intermedi-
ate electronic states with UV light pulses (hv;), while the
visible pulses (hvy) subsequently probe the excited elec-
tron distribution. On the other hand, for positive delays,
the electrons are excited to intermediate states close to the
Fermi level (hot electrons) with the visible pulses (hv;) and
are subsequently probed by the UV pulses (hv;). Analyz-
ing the two-dimensional data set by extraction of the time-
dependent 2PPE photoelectron yield integrated over the en-
ergy intervals centered on the state of interest, e.g., unoccu-
pied intermediate state labeled as A, provides the temporal
evolution of the electron population, referred to as cross cor-
relation traces as shown in the bottom panel of Fig. 2.

A broad photoemission feature located around
Erinal — EF =4.9 eV, labeled as A, is observed show-
ing a lifetime toward positive pump-probe delay. Hence
this unoccupied intermediate state is pumped by the visi-
ble photons (hv; =2.1 eV) and probed by the UV pulses
(hvy =4.2 eV); therefore its energetic position is ~0.7 eV
above Er (note that the energy scale is referenced to the
Fermi level of PEDT:PSS). The cross correlation trace for
the energy region of state A is shown in the bottom panel of
Fig. 2. Fitting the cross correlation trace with a biexponen-
tial decay results in time constants of 2.6 ps and 7.6 ps. In
order to assign this unoccupied intermediate state, we have
to consider both its energetic position and lifetime. From
UPS measurements it is known that the upper valence band
(VB) edge of P3HT is located 0.2 eV below the Fermi level
of PEDT:PSS [25]. Surprisingly, we do not observe the bot-
tom edge of the conduction band in the 2PPE spectrum.
However the commonly accepted optical band gap of P3HT
is 1.9-2.1 eV [26]. Thus the unoccupied state labeled as A
which we observe in the 2PPE is located 0.9 eV above the
VB edge (see Fig. 3), corresponding to 1.0-1.2 eV below
the bottom edge of the conduction band (CB).
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Fig. 2 2D-plot of 2PPE spectra 6.3
as a function of pump-probe
delay of a 24-nm P3HT film on
PEDT:PSS. For positive delays,
the VIS pulse (hv; =2.1eV)
arrives at the surface before the
UV pulse (hv, =4.2 eV), and
therefore the unoccupied
intermediate state labeled as
state A is VIS-pumped and
UV-probed. The spectrum on
the right corresponds to a cut at
zero time delay. The bottom 3.8
panel shows cross correlation
trace for the energy region of
state A
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Fig. 3 Energetic position of the polaron in P3HT observed in the
present study. The Fermi level of PEDT:PSS serves as reference

It is known that the photoexcitation of m-electrons with
photon energies greater than the band gap of P3HT will in-
duce the formation of excitons [27]. An exciton can either
meet another exciton and undergo exciton-exciton annihila-
tion or decay to the ground state. Moreover, if the exciton is
created close to a dissociation center, for instance, another
polymer chain, it can undergo a charge transfer and pro-
duce a bond polaron pair with the negative and positive po-
laron on adjacent chains. Ruseckas et al. [28] have reported
that this process is very efficient in polythiophene and takes
place within 100 fs after photoexcitation. This bound po-
laron pair can recombine, be trapped by a defect state, or
dissociate into two charge carriers.

The binding energy of the exciton in RR-P3HT reported
by Sakamoto et al. [27] is 0.7 eV, and its lifetime in the order
of a few hundred femtoseconds [29]. Moreover it is known
from the literature that two delocalized polaron bands lo-
cated at 0.1 eV and 1.85 eV, as well as two localized po-

500 1000 1500 2000

Pump-Probe Delay [fs]

laron bands at 0.35 eV and 1.25 eV, respectively, are existent
in RR-P3HT [30], viz. in the energy regime where we find
the broad 2PPE feature. Therefore we assign the fast com-
ponent (2.6 ps) to bound polaron pairs, in which positive
and negative polarons are bound to each other on adjacent
chains by Coulomb interaction. The bound polaron can re-
combine quickly or separate and be added to the slow com-
ponent (7.6 ps) assigned to polarons generated by charge
transfer between adjacent polymer chains. Due to electronic
and geometric disorder in the P3HT films, the broadening
of the polaron peak does not allow to differentiate energeti-
cally the polarons from the bound polaron pairs. Note that,
varying the film thickness from 5 nm to 30 nm did not lead
to significant changes in the polaron dynamics. In order to
support our assignment, a comparison between the observed
charge carrier dynamics in RR-P3HT films forming a lamel-
lae structure with nonnegligible interchain interactions and
the dynamics in regiorandom (RRa) P3HT films keeping a
chainlike morphology could certainly be useful to gain fur-
ther insight into the nature of the observed processes. How-
ever, our study shows that time-resolved 2PPE is a power-
ful tool to investigate the excited state dynamics in polymer
films.
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Ultrafast Exciton Population, Relaxation, and Decay Dynamics in Thin Oligothiophene Films
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Femtosecond time-resolved two-photon photoemission spectroscopy is utilized to determine the
electronically excited states dynamics at the a-sexithiophene (6T)/Au(111) interface and within the
6T film. We found that a photoinduced transition between the highest occupied molecular orbital and
lowest unoccupied molecular orbital is essential in order to observe exciton population, which occurs
within 100 fs. In thin 6T films, the exciton exhibits a lifetime of 650 fs. On a time scale of 400 fs, an
energetic stabilization is observed leading to the formation of a polaron or electron trapping at defect
states. The lifetime of this state is 6.3 ps. Coverage-dependent measurements show that apart from the
excited state decay within the film, a substrate-mediated relaxation channel is operative. The present study
demonstrates that two-photon photoemission spectroscopy is a powerful tool to investigate the whole life

cycle from creation to decay of excitons in an organic semiconductor.

DOI: 10.1103/PhysRevLett.109.207601

Organic semiconductors are being explored for a num-
ber of fascinating applications in optoelectronic devices
such as organic photovoltaic cells, organic light emitting
diodes, or organic thin film transistors [1,2]. A complete
knowledge of the electronic structure and the dynamics of
electronically excited states in potential molecule-based
devices is necessary for improvement and optimization of
the device performance. Thereby the exciton formation and
decay dynamics at interfaces and within the molecular
films are of particular relevance. Recently it was discussed
by Koch et al. [3] that the choice of the appropriate
experimental method to study exciton populations is
important. They have emphasized that the existence of
exciton signatures in absorption or luminescence spectra
are due to a coherent excitonic polarization and are not a
fingerprint of a real incoherent exciton population. For
excitations above the band gap (interband absorption),
fast Coulomb and phonon scattering results in polarization
decay and the generation of electron-hole pair population
on a femtosecond (fs) time scale [3]. Therefore fs time-
resolved two-photon photoemission (2PPE) is a very
powerful tool to study these processes. The first pump
pulse excites a transition between the highest occupied
molecular state and lowest unoccupied molecular state
(“interband” adsorption), while the second pulse probes
the electronically excited state. By varying the time delay
between the pump and probe pulses from a few fs up to
several picoseconds, it is thus possible to resolve the
exciton population and decay dynamics.

In the present study we utilized fs time-resolved 2PPE to
determine the charge carrier and exciton dynamics at the
a-sexithiophene (6T)/Au(111) interface and within the 6T
film. Oligothiophenes, w-conjugated chainlike planar
molecules, are highly relevant for small-molecule-based
solar cells, which are fabricated via vacuum deposition. In
bulk heterojunction photovoltaic cells they possess very

0031-9007/12,/109(20),/207601(5)
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high efficiencies [4]. Several surface science studies focus-
ing on the adsorption behavior of 6T on noble metal
surfaces exist, e.g. on Au(111) [5] and Cu(110) [6]. In
addition, the occupied band structures of 6T adsorbed on
various noble metals have been determined [7-9]. Using
2PPE the electronic structure, i.e., both occupied and
unoccupied molecular electronic as well as excitonic
states, of 6T adsorbed on Au(111) have been observed.
Therein the energetic position of the transport level and
the exciton binding energy have been determined [10].
In contrast to time-resolved measurements ranging from
femtoseconds to milliseconds to elucidate the decay
dynamics of excitons in 6T films (thickness about
50-350 nm) [11-13], investigations on the exciton forma-
tion, relaxation, and decay at 6T/Au(111) interfaces and
within thin films are not known so far. A recent 2PPE study
investigated the charge transport properties of 6T and the
dihexyl-substituted 6T (DH6T) adsorbed on Ag(111),
respectively, and found a charge localization in DH6T
within 230 fs while in 6T no localization was observed.
The charge localization has been attributed to the hydro-
carbon side chains [14]. The exciton decay dynamics at
organic molecule-metal interfaces has been observed so far
only for Cgq, films epitaxially grown on Au(l11) and
Cu(111) using 2PPE [15]. Additionally 2PPE has been
used to probe charge transfer excitons on a surface of
organic semiconductors, namely, pentacene and tetracene,
respectively [16,17].

In this Letter, we investigate the exciton formation and
decay in 6T on Au(111) as a function of 6T coverage using
2PPE. We found that an optically induced transition
between the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) is the
basic prerequisite in order to observe the population of a
Frenkel exciton. The exciton generation occurs within
100 fs followed by an energetic stabilization on a time

© 2012 American Physical Society
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scale of around 400 fs leading to a polaronic or trap state.
Both the excitonic and polaron or trap state exhibit a
coverage dependent lifetime, which in each case is asso-
ciated with two decay channels, an intrinsic and a distance-
dependent (external) decay.

In our experiment, the Au(111) crystal was mounted
on a liquid nitrogen cooled cryostat that, in conjunction
with resistive heating, enables temperature control from
90 to 800 K. The crystal was cleaned by standard pro-
cedure of cycles of Ar sputtering and annealing. The 6T
was dosed by means of a home-built effusion cell held at
500 K at a crystal temperature of 290 K. The 6T cover-
age was quantified by temperature-programmed desorp-
tion and work function measurements. Tunable fs laser
pulses for the time-resolved 2PPE-measurements are sup-
plied from a Ti:Sapphire oscillator in combination with a
300 kHz regenerative amplifier and optical parametrical
amplifiers [18].

Using photon energy-dependent 2PPE, we recently
determined the electronic structure of 6T adsorbed on
Au(111) [10], which is summarized in Fig. 1. The exciton
state is found 0.9 eV below the LUMO. Although the
exciton is not a single particle state but a quasiparticle
formed by a correlated electron and hole bound through
Coulomb interaction, in 2PPE the final state being an
electron and an ionized molecule, it is often simpler to
assign the binding energy to the electron. It is essential to
point out that only excitations with photon energies ena-
bling a HOMO-LUMO transition (resonant excitation),
i.e., around 2.9 eV, permitted the observation of the exciton
generation in 2PPE. This is in accordance with a real
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FIG. 1 (color online). Energetic position and assignment of
6T-derived photoemission spectral features at a coverage of 1
monolayer (ML) 6T adsorbed on Au(111). The Fermi level of
Au(111) serves as reference. The exciton binding energy
is 0.9 eV.

exciton population process [3]. Chan et al. [19] have
applied 2PPE to study the excited state dynamics in penta-
cene or fullerene bilayers after optical excitation and
observed multiple exciton generation. However, we excite
the system with 3 eV photons and observe the feature
attributed to a Frenkel exciton at a final state energy of
2 eV above the HOMO; thus, we can rule out the formation
of two or more electron-hole pairs from the absorption of
one photon. Moreover, our assignment is in very good
agreement with the results of Frolov ef al. [20] who have
found that Frenkel excitons in 6T are characterized by a
stimulated emission band at 2 eV.

In the following we focus on the excited state dynamics,
in particular, the population and decay dynamics of the
Frenkel exciton. In the low-coverage regime (1-2 ML),
the lifetimes for electrons in the molecular excited states,
viz. the LUMO and LUMO + 1, possess values that are
below the limit of our experimental resolution (7 < 10 fs).
These ultrashort lifetimes point towards a strong electronic
coupling between 6T and Au(111), allowing for efficient
back transfer of electrons to the metal substrate. At metallic
surfaces such short lifetimes of excited states, i.e., in the
range of fs, have been found for several adsorbates
[15,18,21-23]. In contrast, the exciton exhibits a

~30 ML 6T/Au(111)
hv, =3.0 eV
h\’2 =43eV

0 1000 2000 3000 4000
Pump-probe delay [fs]
(b) ©,
27 3 : 0O peak position
g 1.304 !
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FIG. 2 (color online). Two-dimensional spectrum of time-
resolved 2PPE measurements recorded with Av; = 3.0 eV and
hv, = 4.3 eV. The dashed line in (a) indicates the energetic
stabilization of electrons leading to the formation of the exciton,
and the dotted line represents the energetic stabilization of
electrons caused by the formation of polarons or at defect sites
trapped electrons (see text). (b) Cross correlation traces of the
2PPE intensity integrated over the excited state peak intensities
[XC energy range in (a)] with a biexponential fit that gives the
indicated lifetimes. (c) Maximum peak intensity of the exciton
state as a function of pump-probe delay that yields the indicated
energy stabilization time due to polaron formation or localiza-
tion at defect sites.
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pronounced lifetime as can clearly be seen in Fig. 2(a) for
30 ML 6T/Au(111). In this false color two-dimensional
representation, the 2PPE intensity at particular energy with
respect to the Fermi level, Er, as a function of time delay
(A7) between the two laser pulses hv; = 3.0 eV and hv, =
4.3 eV is displayed. The cross correlation curve for the
energy region of the excited state [XC in Fig. 2(a)] is shown
in Fig. 2(b). The solid line corresponds to a fit used to
determine lifetimes. The fit model contains a sech? function
representing the laser pulse duration convoluted with the
response function of the intermediate state. The response
function is biexponential yielding the indicated lifetime
values 7, and 7,, which correspond to two different states.
A detailed discussion about the origin of these states will be
given below.

Returning to the time-resolved 2PPE spectra shown in
Fig. 2(a), a fast energetic stabilization of electrons (dashed
line) leading to the formation of the Frenkel exciton is
clearly seen. In addition, the excitonic state stabilizes on a
slower time scale (dotted line). The first fast process, the
stabilization of around 0.9 eV, occurs within 100 = 20 fs
[see Fig. 2(a)]. We interpret this observation as follows:
Optical excitation with 3.0 eV photons leads to an intra-
molecular HOMO-LUMO transition, followed by the
decay of the polarization and formation of the exciton
population (correlated electron-hole pair) that occurs on a
femtosecond time scale [3]. The transition of the electron
from a bonding (the HOMO) to an antibonding state (the
LUMO) is a very efficient source for the stimulation of
molecular vibrations; therefore, the exciton binding energy
of 0.9 eV dissipates to molecular vibrations on a time scale
of the inverse of a vibrational quantum (= 100 fs, for
instance the C-S-C ring deformation mode at 700 cm™!
[24], which corresponds to a period of 48 fs). On the other
hand, coupling of the exciton to molecular vibrations
(electron-nuclear interaction) can lead to the generation
of a polaron. This process may be responsible for the
observed energetic stabilization of around 0.1 eV, which
proceeds on a time scale of 350 = 70 fs [see Fig. 2(c)]. In
addition to the decrease in electron energy, this kind of
localization due to the polarization in the nuclear coordi-
nates should be accompanied by a time-dependent disap-
pearance of parallel dispersion [14,25]. However, the
photoemission of the electron that is intrinsic to 2PPE
breaks the exciton, and thus we cannot measure the dis-
persion of this excitonic state. Besides polaron formation
being responsible for the energetic stabilization, the elec-
tron may be trapped into a defect site [26]. Localization by
defects has been shown to occur on a hundred fs time scale
in particular systems [27]. Distinguishing between elec-
trons trapped into a defect site and a self-localizing polaron
is difficult because of the similar time scales for both
formation processes.

In order to gain further insights into the exciton decay, we
investigated the dynamics as a function of 6T coverage. The

cross correlation curves for the energy region of the excited
state (exciton and polaron or trap) as a function of coverage
are presented in Fig. 3. Both lifetime values 7, and 7,
exhibit a clear dependence on layer thickness: 7; increases
from 40 = 10 fs at 3 ML to 650 = 65 fs at 30 ML, 7, rises
from 200 =20 fs (3 ML) to 6 = 0.6 ps (30 ML). The
results of the fits as a function of film thickness are sum-
marized in Figs. 3(b) and 3(c). The solid lines are fits using a
simple exponential function. The asymptotic values are
650 = 50 fs for 7; and 6.3 = 0.6 ps for 7,, respectively.
As it has been discussed for the monoexponential exciton
decay in Cg, adsorbed on Au(111) and Cu(l11) [15],
respectively, a coverage-dependent decay time indicates
that the exciton decays via two relaxation channels, an
intrinsic and a distance-dependent channel. The intrinsic
decay rate corresponds to the decay in the bulk material and
the distance- dependent (external) rate to quenching by the
metal substrate. Accordingly for 6T/Au(111), the coverage
dependence of both decay times indicate that each of them
contains at least two relaxation channels, an intrinsic and an
external channel. The intrinsic decays for bulk 6T are

(@
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FIG. 3 (color online). (a) Cross correlation traces of the 2PPE
intensity integrated over the excited state peak intensities (ex-
citon and polaron or trap) as a function of 6T coverage on a
logarithmic intensity axis. The lines represent fits for the biex-
ponential decay, which yields the indicated lifetimes. The de-
pendence on film thickness of the transient lifetime (b) 7; and

(©) 7.
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FIG. 4 (color online). Formation and decay processes of a
Frenkel exciton in sexithiophene adsorbed on Au(111). 7y,
indicates the intrinsic (for bulk 6T) and 7. the external
(distance-dependent) lifetime (see text).

related to the asymptotic values of 650 = 50 fs for 7, and
6.3 = 0.6 ps for 7, [Figs. 3(b) and 3(c)].

Figure 4 summarizes the exciton formation and decay
processes as determined in our time-resolved photoemis-
sion study. We attribute the two lifetime values 7; and 7,
obtained from the biexponential decay (see Fig. 2) to
originate from the decay of the singlet Frenkel exciton
(71) and the polaron or defect state (7,), respectively. As
discussed above, both values contain an intrinsic (7, for
bulk 6T) and external (7., coverage-dependent decay to
metal states) decay. Before addressing the coverage-
dependent lifetime, we discuss the intrinsic lifetime of
the Frenkel exciton and the polaron or defect state in
bulk 6T by comparing with time-resolved studies known
from literature. Most studies [11-13] determined the dy-
namical processes after optical excitation of higher lying
electronic states compared to the formation and decay of
the lowest (first) Frenkel exciton state investigated here. In
addition, almost all of these experimental results revealed
dynamic processes on much longer time scales. For the
singlet Frenkel exciton, we observe a lifetime of 7, ;, =
650 = 50 fs. In comparison, a value of = 1 ps has been
found for the decay in 6T films using picosecond fluores-
cence spectroscopy [12]. The lifetime of the polaron or
defect state is 755, = 6.3 = 0.6 ps, thus one order of mag-
nitude longer than the first exciton state. The coverage- or
distance-dependent lifetime (7.,,) is associated with back-
transfer of electrons to the metallic substrate (substrate-
mediated quenching). With increasing 6T coverage, the
probability density of the excited state (exciton, polaron,
or trap) is further away from the metal-molecule interface.
As a result, its coupling (wave function mixing) to the
Au surface decreases and the electron transfer rate
decreases [15].

In conclusion, using fs time-resolved 2PPE we were able
to elucidate the exciton population and decay dynamics in
sexithiophene adsorbed on Au(111). The formation of the

exciton takes place on a femtosecond time scale following
optical excitations higher than the HOMO-LUMO gap
energy. In bulk 6T, the exciton either recombines, it pos-
sesses a lifetime of 650 fs, or energetic stabilization results
in generation of a polaron or trapped charge (with a life-
time of 6.3 ps). Both the exciton and the polaron or trap
state lifetimes are coverage dependent indicating that an
intrinsic (for bulk 6T) and an external relaxation channel
exist. Our study shows that 2PPE is a powerful tool to
determine exciton population and decay dynamics.
Therefore, this method promises to provide a link between
optical and electron spectroscopy. The creation and decay
of excitons are important elementary processes in organic
semiconductors. Precise insight into these processes is
certainly essential for optimization of organic-molecule-
based optoelectronic devices.
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