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A B S T R A C T

Energy Transfer in Organic-Inorganic
Semiconductor Structures

Hybrid inorganic/organic structures (HIOS) are promising candidates for
achieving new and improved opto-electronic functionalities. Taking advantage
of the complementary beneficial properties of two different material classes.
In HIOS structures based on a quantum well and an adjacent organic overlayer,
efficient conversion of Wannier excitons into Frenkel excitons via Förster-
type resonant energy transfer (FRET) has been demonstrated. The design
here in use consists of a ladder-type oligo(p-phenylenes) (LOPPs) derivative,
in the specific case a spiro-annulated ladder-type quarter-phenyl (L4P-SP3),
deposited on ZnO-based single quantum wells (SQW) to obtain incoherent
electronic coupling. The SQWs we use are grown with extremely thin (2 nm)
capping layer, in order to keep the two species spatially close to maximize the
coupling. With photoluminescence excitation and time-resolved spectroscopy,
we demonstrate that these hybrid structures exhibit energy transfer from the
inorganic material to the organic molecules with an efficiency up to 77%.
However, UPS measurements show a type-II energy level alignment between
ZnO and the molecular layer, resulting in a very efficient charge separation
process (ηCT=0.9) that suppresses the molecular emission.
To overcome this issue, two different strategies are here proposed.

The first idea relies on a fast and highly efficient cascade FRET: following
the primary transfer step from the QW, the excitation is conveyed away from
the hybrid interface by a secondary transfer-step within the organic layer. As
final acceptor we select ladder-type sexiphenyl (L6P). In such a structure, we
demonstrate a recovery of the molecular emission by a factor eight, showing
that the intermolecular FRET outpaced almost entirely the charge separation
process.

As alternative option, we tune the energy levels at the interface by introdu-
cing an organometallic donor monolayer [RuCp*mes]. The interlayer reduces
substantially the ZnO work function, aligning the frontier levels of the inor-
ganic and organic semiconductor. Optical experiments show the benefits of the
interlayer: while the FRET efficiency is unaffected, the L4P-SP3 emission and
its photoluminescence lifetime increase by a factor of seven, when compared
to the same structure without interlayer.
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Z U S A M M E N FA S S U N G

Energy Transfer in Organic-Inorganic
Semiconductor Structures

Hybride anorganisch/organische Strukturen (HIOS) stellen vielversprechende
Kandidaten zur Entwicklung neuartiger und verbesserter opto-elektronischer
Bauteile dar. In HIOS-Strukturen, die auf einem Quantengraben und einer
angrenzenden organischen Deckschicht basieren, wurde eine effiziente Um-
wandlung von Wannier-Exzitonen in Frenkel-Exzitonen mittels resonantem
Förster Energietransfer (FRET) demonstriert.
Das hier verwendete Design besteht aus einem spiro-annulierten Quarter-
phenyl (L4P-SP3), das auf einen ZnO-Einfach-Quantengraben (SQW) aufge-
wachsen wurde, um inkohärente Kopplung zu erreichen.
Mittels optischer Spektroskopie haben wir demonstriert, dass diese hybriden
Strukturen Energietransfer vom SQW zu den organischen Molekülen mit einer
Effizienz von bis zu 77% zeigen. Allerdings zeigen UPS-Messungen eine typ-II-
artige Energieniveau-Anpassung zwischen ZnO und der molekularen Schicht,
die zu einem sehr effizienten Ladungstrennungsvorgang (ηCT=0.9) führt, der
die molekulare Emission unterdrückt.
Zur Überwindung dieses Problems werden in dieser Arbeit zwei verschiedene
Strategien vorgeschlagen.

Die erste beruht auf einer schnellen und hocheffizienten Energietransfer-
Kaskade: nach der ersten Transferstufe wird die Anregungsenergie von der
hybriden Grenzfläche weggeleitet, indem eine zweite Energietransferstufe
ein-geführt wird, bevor die Dissoziation der Exzitonen an der Grenzfläche
statt-finden kann. Wir verwenden ein Oligophenylen (Sexiphenyl, L6P) als
endgültigen Akzeptor. In solch einer Struktur können wir eine Wiederherstel-
lung der molekularen Emission um einen Faktor acht demonstrieren und zei-
gen, dass der Energietransferprozess zwischen L4P-SP3 und L6P den Ladungs-
trennungsprozess fast vollständig überholt.

Als andere Option haben wir die Energieniveaus angepasst, indem eine or-
ganometallische Donor-Monolage [RuCp*mes] ergänzt wird. Diese Zwischens-
chicht senkt die Austrittsarbeit von ZnO deutlich ab und führt so zu einer An-
passung der Niveaus zwischen dem anorganischen und dem organischen Halb-
leiter. Optische Messungen zeigen die Vorteile der Zwischenlage: während
die Effizienz des Energietransfers unverändert bleibt, steigen die Emission von
L4P-SP3 sowie die Lebenszeit der molekularen Photoluminescenz um einen
Faktor sieben verglichen mit entsprechenden Strukturen ohne Zwischenlage.
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I N T R O D U C T I O N

1.1 beyond the limits . . .

Nowadays, society has an insatiable demand for new opto-electronic functions
like biomedical imaging, nanoscale white-light emitters and ultra-fast data
processing. These are but a few areas where technology requires increasing
capabilities like higher efficiency, high-speed processing and lower energy
consumption - compressed into even smaller volumes. However, standard
materials have already been pushed close to their intrinsic limits.

Inorganic semiconductors are well established materials for opto-electronic
applications. They offer full control during the growth process and can be
prepared on high purity levels. Inorganic semiconductors allow for growth
of thin layers and single crystals. This enables to reach high charge carriers
mobilities and efficient electrical injection. However, optical properties such as
quantum yields and absorption cross sections are relatively low. Furthermore,
many applications require great flexibility regarding the range of absorption
and emission wavelengths, but inorganic semiconductors typically cover only
wavelength ranges in the order of few nanometers.

Recently, organic materials have found their way into opto-electronic devices
as well. Organic molecules or polymers with unsaturated bonds possess
outstanding optical properties defined by their π-electrons. In particular, when
π bonds are conjugated, the resulting species stand out by a strong light-matter
coupling and, thus, large absorption cross-sections and quantum yields. This
class of materials possesses a tremendous structural variability, yielding to
large ranges of electronic and optical properties, including high wavelength
tunability. However, organics are limited by low charge carrier densities and
mobilities, and by the difficulty of carrier injection. A big limitation of optically
active organic species is their low temporal stability: subsequently to the
absorption of a photon, molecules can decompose, i.e. change their structure
and thus lose their optical peculiarities.

From an application perspective, novel opto-electronic functions could be
realized by combining these two classes of materials within the same Hybrid
Inorganic/Organic System for Opto-Electronics device (HIOS).
High-brightness white-light emitters could be implemented with this approach:
bright emissivity within a wide wavelength range, readily available through
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conjugated organic molecules, could be combined with the high excitation
densities of inorganic semiconductors.4–6

Hybrid Structures: a new kind of Light?

In high-quality inorganic semiconductors and in organic materials, optical
properties near and below the band gap are dominated by bound electron-hole
pairs called excitons.4, 7, 8 Thus, a fundamental requirement for a hybrid system
is efficient coupling between the excitons of the two materials. Consider a
hybrid structure with energy levels as shown in Fig. 1A: a single quantum
well (QW) in close contact with a thin layer of molecules.

Figure 1: (A) Coupling of optical excitations: Excitonic states, in the inorganic QW (black
line) and in the conjugated organic material (blue line). When the energy levels of
the two species (CB and LUMO, VB and HOMO) are resonantly adjusted and in
close proximity, the two excitations can be coupled by dipole-dipole-type interactions
(V). (B) Energy levels in a realistic hybrid system. Position of the LUMO is usually
at higher energy than the CB because of the low electron affinity of organic species.

When the energy levels of the two species are resonantly adjusted, i.e. the
valence band (VB) of the QW matches the highest occupied molecular orbital
(HOMO) of the molecule, and the conduction band (CB) of the QW matches
the lowest unoccupied molecular orbital (LUMO) of the molecule, the two
excitonic states can couple via Coulomb interaction (V). When this happens,
the system eigenstates are no longer pure states of the individual species, but
rather a coherent superposition. In the coupled state, any excitation in one
component oscillates periodically between the two species.8, 9

In most organic materials this superposition is destroyed by dissipative pro-
cesses9 and the excitation is resolved by light emission from the molecules.
This transfer process from the QW (donor) to the molecule (acceptor) is actu-
ated by non-radiative resonance energy transfer (ET).5, 6, 10

Such kind of hybrid structures could be the foundation for novel white-light
emitting devices, in which the excitation from an inorganic heterostructure is
efficiently transferred by ET to an adjacent organic material where the emission
takes place subsequently.

2



The way to a ET-based Hybrid Device

A novel hybrid ET-based device would compete with already commercialised
technologies: white organic light emitting diodes (WOLEDs) and inorganic
solid state white light emitting diodes (WLEDs).

Commercial WLEDs combine an inorganic LED (GaN or InGaN based) and
an external yellow emitting Phosphor Ce3+:YAG (Yttrium Aluminium Garnet
doped with Cerium): the inorganic semiconductor emits in the blue/ultra vi-
olet (UV) and the phosphor acts as a down-converter with subsequent emission
of a broad yellowish band (green+red). However, because of this mixture of
emissions, the colour quality for these devices is not yet optimal. Furthermore,
the efficiency of the radiative down-conversion is limited (65-67%11), as the ab-
sorption coefficients and emission yields for phosphors are still relatively low.
These types of structures suffer from thermal management issues that limit
the durability and because of the long decay times of phosphors (in the order
of milliseconds), these devices cannot be modulated at high frequencies.11

The simplest design of a WOLED combines an UV/blue light-emitting host
material doped with green and red emitting molecules.12 The internal colour
conversion relies on ET and on carrier trapping effects within the mixture.
The main deficiency of this technology is the limited temporal stability of the
organic blue hosts, which defects the long time colour quality of the devices.12

The realization of a hybrid device could easily overcome all the above
deficiencies.5 Fig. 2 shows a possible configuration of a hybrid device of an
inorganic semiconductor QW and a layer of conjugated organic molecules in
close proximity.

Figure 2: Possible design for a hybrid light-emitting device. A QW (blue area) lies between
two barriers for n and p injections (violet areas). The organic molecules (yellow area)
are non-radiatively sensitized by the excitons collected in the well, with subsequent
emission of light.

The inorganic and organic constituents are selected such that an efficient
coupling of the excitations and, thus, ET is achieved. The two constituents are
integrated in a p-i-n configuration to allow the electrical injection of the QW.

3



Recombination of carriers takes place in the well layer, and light is emitted
from the molecules.
This approach promises higher colour conversion efficiencies with lower power
consumption, as the ET is not limited by the molecular absorption coefficients.
Better colour rendering can be achieved as the emission of molecules can be
finely tuned to match the receptors of the eyes. Further, the device can be
downsized to nm-scale, as both QW and organic layer can be few nanometers
thick and must be in close contact. Finally, the resulting device is expected
to combine the high time stability and high carrier injection of the inorganic
blue/UV component with the fast decay times (usually in the nanosecond
order) of an organic emitter, so that ultra-fast modulation is also achievable.

However, when an organic molecule is in direct contact with a semiconductor
surface, the resulting level alignment is almost never as shown in Fig. 1A, but
rather as shown in Fig. 1B. The above considerations about the hybrid pair
are still valid, but the different energy level alignment at the hybrid interface
hinders the usability of the device.
When the energy level configuration is like in Fig. 1B, excitons in the molecu-
lar layer are dissociated because electrons in the LUMO relax back into the
semiconductor CB,13 and light emission is suppressed.
This is key factor for light-emitting applications, as the molecular luminescence
pumped via exciton transfer is dissipated by the exciton dissociation process
at the interface.

Despite several studies on this kind of systems,14–19 an electro-luminescence
ET-based device has not been realised yet. Such a hybrid device must meet
several challenges:

• Structures must be designed for efficient incoherent coupling between
the inorganic semiconductor and the organic molecules.

• Donor-Acceptor pair must be chosen to maximize their spectral compati-
bility for energy transfer.

• The energy transfer must persist at room temperature.

• Alignment of the frontier energy levels must be understood and eventu-
ally engineered to prevent dissociation of excitons at the interface.

• The device must be designed for electrical injection of carriers.

This thesis concentrates on the first three points of the above list.
The first step was to develop an optimized hybrid sample for efficient energy
transfer which persists up to room temperatures. Later, this work focussed on
the alignment of the frontier energy levels at the hybrid interface.
Efficient strategies are proposed to deactivate the dissociation of excitons,
paving the way for a hybrid system with high ET efficiencies and bright
luminescence yield.
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1.2 state of the art

The potential of HIOS was first discussed more than 20 years ago. In a series
of theoretical works, it was predicted that superior functionalities of such
structures would arise thanks to electronic coupling of optical excitations
amongst the constituents.6, 20, 21

Non-radiative energy transfer in a hybrid structure with an organic overlayer
was first experimentally studied by S. Blumstengel17 using ZnO as inorganic
donor and by Heliotis14 using InGaN. Starting from these results, efficient con-
version of excitons via energy transfer has been demonstrated experimentally
for hybrid systems based on ZnCdO/ZnO, InGaN/GaN and GaAs/AlGaAs
QWs in conjunction with various conjugated organic molecules, aggregates or
polymers.14, 16–19

The design is in all cases similar: the QW structure is realized with the upper
barrier layer sufficiently thin, and subsequently covered by a thin layer of the
organic material. In such a setting, excitation energy can be transferred from
the QW to the molecules.
Energy transfer in both directions was discussed for multilayer structures
composed of alternating monolayers of CdSe quantum dots (QDs) and J-
aggregates.22 In blends of colloidal QDs with polymers, efficient energy
transfer from the organic to the inorganic components was observed as well.23

For above examples the energy transfer is mediated by long-range Förster di-
polar interactions, but there are also some cases of Dexter type exchange trans-
fer, where triplet excitons were transferred from PbBr6 layers in a perovskite
structure to naphthalene layers24 or from pentacene to PbSe nanocrystals.25

1.3 materials

Inorganic Semiconductor: Donor

Most of the interest for new light emitters concerns down-conversion from UV
to visible light, thus, inorganic materials selected as a hybrid-donor are usually
GaN,19 InGaN14, 26 or ZnO.17, 18 ZnO is the inorganic semiconductor selected
for this thesis. ZnO is a II-VI alloy with a 3.4 eV wide band gap and strong
exciton binding energy (60 meV). It is highly available and non-poisonous.
In addition, it exhibits strong excitonic resonances with large optical dipole
moments, ensuring efficient coupling with the organic excitations.
ZnO can be epitaxially grown with high crystalline perfection at exceedingly
low substrate temperatures (100 ◦C27, 28). Due to stable bond reconstructions,
II-O materials form chemically inert interfaces and are, thus, especially well-
suited candidates to pair with organic molecules, as no passivation of the
inorganic surface is required for an unperturbed ordered growth of an organic
overlayer.29 Most importantly, ZnO heterostructures fabricated at low tempera-
tures still exhibit sharp optical features with widths in the meV-range (10-20
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meV17, 30, 31). Heterostructures like quantum wells allow to confine the excitons
close to the molecular overlayer, as these structures can be prepared with a
thin or even without capping layer.

Organic Semiconductor: Acceptor

An organic semiconductor must fulfil several requirements to be selected to pair
the inorganic donor. These requirements are not exclusively associated with the
energy transfer process. In the ”standard” intermolecular or intra-molecular
energy transfer, the coupling is naturally favoured by the broad molecular
spectral features,8 but, replacing the donor with an inorganic semiconductor
imposes a different aptitude. Heterostructures are usually characterized by
spectrally sharp features, so a possible molecular acceptor should display
similar sharp vibronic transitions.
Upon the spectral overlap described above, the organic emitter must show the
following properties:

• High luminescence quantum yield (QY), as the efficiency of a hybrid
LED depends on the emitter emissivity.

• Small Stokes-shift, to assure a relatively high exciton diffusion length
mediated by intermolecular ET.

• Durability. When applied in a device structure, the organic component
should be as durable as possible. This relates to thermal, photochemical
and electrochemical degradation processes.

• Stability to gas phase processing, as the sample fabrication is favoured to
UHV based techniques.

• Thin films formation. As the device design consist of 2D structures,
it is important that the components can be grown in closed homogen-
eous films. These may either be of high crystalline quality or totally
amorphous. Films must also be stable over time.

Good candidates that fulfil all the above requirements are the so-called ladder
polymers,8, 32–35 the unit cell of which is shown in Fig. 3 for one particular
derivative of PPP (poly-/para-phenylene).

The presence of the two links between the phenyl rings prevents the relative
rotation of neighbouring rings and ensures that the π-electron system is kept
in one plane. The high intra-chain order, small Stokes shift (≈ 0.06 eV),
high quantum yield, and good film-forming properties make these molecules
ideal materials for opto-electronic devices. The origin of the observed optical
properties can clearly be linked to their rigid structure maximizing the π-
conjugation. Such kind of polyfluorenes emerged as a very attractive class
of conjugated polymers, especially for display applications, owing to their
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Figure 3: Chemical structure of poly-(p-phenylene)

efficient blue electro-luminescence coupled with relatively high charge-carrier
mobility and good processability.

This work selects a class of molecules directly correlated with the PPP, in
the specific ladder-type oligo(p-phenylene)s or LOPPs.36 The newly synthes-
ized LOPPs exhibit outstanding photophysical properties traceable to the PPP:
sharp and intense optical transitions characterized by narrow absorption bands
and very small Stokes shifts. LOPPs are also characterized by large extinc-
tion coefficients and high fluorescence quantum yields. Initial investigations
demonstrate that these materials are applicable to gas deposition techniques al-
lowing the controlled generation of organic (ultra)thin films on solid substrate
surfaces.
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1.4 content and organization of this work

The principal topic of this thesis is the realization of a hybrid light-emitting
application based on ET combining an inorganic semiconductor as donor and
an organic molecule as acceptor. Chapter 2 provides the general theoretical
framework for the following investigations. Chapter 3 collects all experimental
aspects: the samples design, the preparation techniques and the experimental
setups.

Following chapters treat optical properties of LOPPs/ZnO hybrid structures.
Chapter 4 introduces energy transfer between a ZnO heterostructure and a
ladder-type quaterphenyl (L4P)/polymer spincasted layer. In addition to the
ET experiments, this chapter condenses photo-degradation studies of the sole
L4P in solution and solid state. After, the chemical modifications of L4P
necessary to improve its photo-stability and, most important, its structural
properties, are discussed. Spiro-substituted LOPPs (Section 4.8) are thus intro-
duced.
Chapter 5 presents a systematic investigation of energy transfer between ZnO
and a thin overlayer of the triply spiro annulated-L4P, namely L4P-SP3. The
non-radiative transfer mechanism is investigated also for varying temperatures.
Beyond demonstration of excitonic transfer, an inherent obstacle was observed:
an unfavourable energy level offset between the two components causes an
efficient charge transfer that completely quenches the molecular emission.
Chapter 6 and 7 give two solutions to the above obstacle.
In chapter 6, the molecular excitons are funnelled away from the detrimental in-
terface by an intermolecular energy transfer. After introduction of a molecular
companion for L4P-SP3, optical experiments show that the double, or cascade
energy transfer, is a way to recover the otherwise quenched luminescence.
Chapter 7 focusses directly on the level alignment. Using an organometallic
donor monolayer, the ZnO work function is substantially lowered, tuning the
frontier levels of the two semiconductors. This approach also recovers the
radiative emission yield of the molecules.
Finally, chapter 8 concludes this thesis and gives an outlook (Section 8.1) for
future developments and experiments.
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2

F O U N D AT I O N S

Energy transfer from inorganic to organic materials is the baseline for the
targeted hybrid light emitting devices. This transfer founds on a resonant
coupling of the different types of excitons which exist in the inorganic and the
organic components.
In the following pages, these two types of excitons are introduced, and models
for the energy transfer between them are discussed. Energy transfer requires
a resonant coupling of the excitons, thus, the respective energy levels of the
hybrid interface have to be aligned. Finally, questions of the energy level
alignment is considered, as it is a key element for a functional HIOS device.

2.1 excitons

An exciton is the fundamental electronic excitation in a dielectric medium.
When a semiconductor with direct energy-gap (Eg) absorbs a photon with
energy close to the band-edge hν ≈ Eg, an electron gets promoted from the
valence band (VB) into the conduction band (CB) leaving a positively charged
hole behind. The two charges are attracted to each other by Coulomb forces,
and the resulting neutral particle is called exciton.
Generally, excitons are described using two limiting cases: Frenkel37 (F) and
Wannier-Mott excitons38 (WM). The distinction lies in the spatial separation,
in the binding energies and in the different masses that the electron-hole pairs
exhibit.39

Optical properties of pure semiconductor crystals are dominated by exciton
absorption lines typically arranged in a hydrogenic series well described as
Wannier-Mott, or weak binding, excitons. WM excitons have a large Bohr radii
(aB ≈ 100 Å in III-V materials and aB ≈ 30 Å in II-VI ones40, 41); in both cases,
aB >> a (with a the lattice constant) as the two charges are spatially separated
through the crystal lattice.40, 42

Apart from a small reduced mass (m∗e ≈ 0.1me
10, 43), the electron-hole attraction

is screened by the large dielectric constant (ε = 5.24 for ZnO,40 9.7 for GaN42).
The exciton binding energy Eb, the difference between the 1S exciton line and
the electronic band structure gap, is only a tiny fraction of the Rydberg, not
more than a few tens of meV.10
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Frenkel excitons are usually found in molecular crystals.8, 44 They represent
the limiting case in which the exciton essentially is a molecular (or atomic)
excitation, with an electron in the LUMO and a hole in the HOMO. The two
charges are separated by a typical distance of 1 nm in a medium with a large
dielectric constant (ε = 4); the resulting binding energy of the pair is approx.
0.5 eV. Driven by electrostatic interaction, F excitons can propagate as a whole
in the crystal. Interaction between transition dipole moments gives rise to a
long-range excitation transfer and thus a formation of exciton bands.
Systems in which the charge overlap between neighbouring molecules or atoms
is small, typically carry F excitons. Examples are Van der Waals (VdW) solids
(molecular crystals and aggregates8), but also alkali-halide crystals.
The differences in the internal electronic structure of the excitons manifest
themselves in the linear optical response of the two materials: the oscillator
strength fx scales with the inverse of the volume Vx occupied by the wave
function of the electron-hole relative motion fx ≈ (V/Vx) f with V being the
volume of the unit cell and f the oscillator strength of the molecular or atomic
transition. In the case of F excitons, VF=V and thus fF ≈ f . In an inorganic
semiconductor nanostructure counterpart, instead, if the dimensionality D
and the confinement length lC, the characteristic volume of the WM excitons is
VWM ≈ aD

B l3−D
C . Since VWM >> V, the oscillator strength fWM of the inorganic

specie is much smaller than for the organic counterpart.
Frenkel and Wannier-Mott excitons refer to two limiting cases with regards

to the length scale of relative electron-hole interaction. Between these extremes
lies the the intermediate case that is the charge-transfer exciton (CTE). CTE
have an electron-hole separation of one molecule, where the hole is located
at one molecule and the electron on the neighbouring one.10 This is usually
referred to as a ”donor-acceptor” (D-A) complex.8, 45

2.2 inorganic semiconductors

Electronic states of inorganic semiconductor crystals are usually well described
by a band structure. These energy bands are calculated assuming an ap-
propriate crystal potential V in a rigid lattice and using the one-electron
approximation.43, 46 Electron-electron interactions are included only on aver-
age without considering correlation effects.
The single particle Hamiltonian is usually defined as:

Ĥ =
p2

2m0
+ V(r) (1)

where m0 is the free electron mass, p the momentum operator, and V(r) the
mean field potential including the full translational symmetry of the crystal.
The single particle eigenstates have energies Enk and present Bloch states which
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are characterized by a wave-vector (k) within the first Brillouin zone and by a
band index (n)

ψnk(r) =
1√
N

eik∗rµnk(r) (2)

µnk(r) is periodic on the unit cell of volume Ω and the total volume of the
crystal is V=NΩ.43 The highest occupied valence band and the lowest empty
conduction band each have large bandwidths and small effective masses,
corresponding to strongly delocalized electronic states.

band-gap engineering and quantum confinement

Band gap engineering is a crucial step for development of optoelectronic
devices.47 By alloying the starting semiconductor with another material of
different energy gap, the electronic properties of the resultant alloy can be
fine tuned, thus affecting electronic and optical properties of the confined
semiconductor systems.
The basic example of an artificial low-dimensional structure is an epitaxially
grown quantum well (QW) in which a central semiconductor layer (the well) is
sandwiched between semiconductors having a larger band gap (the barriers).
Doing this, the bottom profile of the conduction band along the growth direc-
tion confines the electrons within the well layer, and similarly for the holes in
the valence band (i.e., a type I quantum well).41, 47

If the coherence length of the electrons (and holes) is larger than the well
thickness Lw, quantum confinement is realized.41, 47 In such regime, charges
motion along the growth axis is discretized, while the one along the well plane
remains free. For this case, the envelope function approach is well suited to
describe WM excitons for quantum confined structures.43 Assuming infinite
barriers, the confinement energies are:

Ec,mk‖ =
h̄2k2
‖

2me

h̄2

2me

(
πm
Lw

)2

(3)

with envelope functions:

Fc,m(z) =
√

2
Lw

sin
(

πmz
Lw

)
(4)

For me‖ ≈ 0.1 ∗ m0 and Lw ≈ 3.5 nm, the range of confinement energies
is Em=1,k‖=0 in the range of few tens of meV. The states are thus organized
into two-dimensional subbands.39, 41 Each subband comprises an ensemble
of electronic states with the same state of quantized motion perpendicular to
the interfaces, and continuously varying wave-vectors K to their unhindered
in-plane motion. The population of electrons which occupying such a subband
structure is referred to as two dimensional electron gas.
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quantum well absorption

Inter-subband transitions lead to staircase like absorption spectra, with each
step corresponding to a transition threshold of a electron-subband and hole-
subband pair. The same consideration is valid also for excitons in the Well,
not supposing excitation as the raising an electron from the valence to the
conduction band, but rather to consider the creation of an electron-hole pair.
This problem, supposing the attraction to be not too strong, is essentially the
same problem as the states of the hydrogen atom, corrected for the different
effective masses and dielectric constants in the semiconductor.
Energetic levels, including the in plane center-of-mass translational energy, are
given by:

EnQ‖ = E2D,g +
h̄2Q2

‖
2M

− Eb (5)

the binding energy Eb for the lowest exciton in the strictly two-dimensional
limit is R∗2D=4R∗. In the most relevant case of a quantum-well with thickness
Lw comparable to the Bohr radius, the motion of the electron and of the hole
along the growth direction are separately quantized and the binding energy
and oscillator strength of the QW exciton are significantly increased compared
to the bulk.
The electron-hole interaction leads to an enhancement of the absorption prob-
ability even for unbound electron-hole pairs at energies h̄ω ≥ Eg,2D, by an
amount given by the two-dimensional Sommerfeld factor10, 43 Fig. 4.
The two consequences of this are: (1) the electron and hole are even closer
together than in the three-dimensional case, so the absorption strength to
create such an exciton is even larger; (2) the exciton has a larger binding energy
because the electron and hole are closer together, and hence it orbits ”faster”.48

The lowest bound state n=1 has the envelope function for the 1S state as:

F2D
1S (r) =

2
√

2
a0
√

π
e−2r/a0 (6)

where the two-dimensional exciton radius is a2D=aBulk/2. Although the bind-
ing energy never reaches 4R∗, it usually can increases up to a maximum of 2
to 3 times R depending on the material parameters.39, 41, 46

As a result of the faster orbiting, the exciton is able to complete a classical orbit
before being destroyed by the optical phonon, and hence it remains a well-
defined resonance.48 Equivalently, although the line-width of the quantum
well exciton is comparable to that of the bulk exciton, the binding energy is
larger, and the peak is still well resolved from the onset of the ”interband”
absorption at the band-gap energy. These two reasons explain why quantum
well excitons are relatively stronger and also better resolved than bulk excitons.
The practical advantage is that excitonic peaks for QW can be seen and used
also at room temperature.
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Figure 4: Absorption spectrum for inorganic semiconductor: raw absorption spectrum for a
3D bulk semiconductor with and without excitons (orange line solid and dashed
respectively). Absorption spectrum for a 2-dimensional systems with and without
excitons (black line). In comparison to the case involving only free electron-hole pairs
(dashed lines), excitons cause the emergence of discrete absorption lines below the
effective quantum well band-gap, and each step resulting from continuum absorption
is deformed by a range of Coulomb enhanced interband absorption (solid line). All
curves are normalized on the same energy gap Eg.
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zno and zno/znmgo qw structures

Wurtzitic ZnO belongs to the group of II-VI compound semiconductor with a
wide band gap (Eg= 3.437 eV at 2K49). The main advantage of ZnO as a light
emitter is its large exciton binding energy (Eb=60 meV). The latter, is three
times larger than the 20 meV of GaN,49, 50 which permits excitonic recombina-
tion and lasing up to room temperature.
In the case of ZnO, alloying with MgO is an effective means to increase the
energy band-gap.39, 41, 51 For the present work, the ZnO/ZnMgO heterosystem
is of particular interest as it allows to realize QW structures with type-I band
alignment.30, 49

The ZnMgO alloy system enables band-gap engineering from Eg=3.37 eV (ZnO)
to around 4 eV (Zn0.67Mg0.33O) at room temperature.7 Photo-luminescence (PL)
studies of ZnO quantum wells within ZnMgO and super-lattices have shown a
possible tuning of the emission wavelengths from 3.36 to approx. 3.87 eV.
ZnO surfaces are chemically inert due to robust surface reconstruction.48, 49 In
the HIOS contest, conjugated organic molecules can be adsorbed electronically
intact onto such surfaces.
The excitonic properties of ZnO are determined by its band structure. The low-
est CB is formed from the empty 4S states of Zn2+. The VB, originating from
the occupied 2p orbitals of O2, is split under the influence of the hexagonal
crystal field into two states. Inclusion of spin gives a further splitting into
three twofold-degenerate sub-VBs.40, 51, 52

Moreover, the excitons in ZnO-based QW exhibit a strong stability compared to
excitons in bulk semiconductors or in III-V QWs due to the enhancement of the
binding energy and the reduction of the exciton-phonon coupling caused by
quantum confinement. Exciton confinement in ZnO/ZnMgO heterostructures
can be tuned independently by varying the well composition (x) or the well
thickness (Lw).7, 46, 48, 53
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quantum well luminescence : the role of excitons

Excitonic recombination follows the same selection rules as the absorption. In
addition, only the nS excitons can radiatively recombine. This means that the
excitonic luminescence emitted below the Em-HHn band edge should consist
of monochromatic lines. The emission consists most likely of a single line
caused by the 1S excitons attached to the E1-HH1 band-gap.43, 46, 52, 54 Fig. 5
reports LT and RT spectra for the same ZnO/ZnMgO QW sample with 10%
Mg contents in the barriers. Spectra are normalized to the peak maximum.

Figure 5: PL spectra of ZnO/ZnMgO QW structures measured at liquid helium and room
temperature excited with a Ti:Sapphire laser at 3.46 eV. The FWHM of the QW
structure is of 8 meV at LT and 98 meV at RT. The sample was grown with a Mg
content of 10% and a Lw=3.5 nm.

For thick (20 nm) ZnMgO barrier, the low-temperature width of the QW
emission (black curve) is 8 meV. The line shape of the LT spectrum exhibits a
marked low-energy tail revealing exciton localization. A distinct QW emission
is also visible at room temperature (red curve). The yield is more than one
order of magnitude larger than for ZnO epilayers under comparable excitation
conditions.18, 30

The QW emission at low temperature, is due to localized excitons. Localiza-
tion is favoured by the small exciton Bohr radius (approx. 1.8 nm) for ZnO (cit)
leading to a less effective averaging over potential fluctuation caused by vari-
ation of the well width and depth, with the latter induced by alloy disorder in
the ternary barriers. The QW luminescence line-width thus depends strongly
on the QW thickness and on the Mg concentration. Previous studies showed
a luminescence with FWHM of 7 meV30 for samples with relatively low Mg
concentration (min 0.1) and moderate QW thicknesses (dQW=4-5 nm).
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2.3 organic semiconductors

In recent decades the investigation of physical properties of organic solids
has attained greatly increased importance and attention. By organic, one
customarily means molecules or their ions with carbon atoms as their essential
structural elements. Organic solids are single crystals, poly-crystals, or glasses
build with organic molecules as building blocks.
The wide variety of these compounds and the possibility to modify them in
a practically unlimited fashion using synthetic chemistry have aroused high
expectations for the development of new materials and their applications.
Current interest focuses in particular on solids composed of those organic
molecules which contain conjugated systems of π electrons.8, 10, 44, 55

carbon configuration and π-electrons

The electron configuration of the free carbon atom in its ground state is
1s2

2s2
2p2. Carbon has the valence four and the electron configurations in

chemically-bonded carbon are derived from the configuration 1s22s2p3. The
peculiarity of carbon is its ability to hybridize its orbitals. Depending on how
the orbital are mixed, two neighbouring atoms (carbon for simplicity) can be
bond by a single, double or triple bonds.8, 56

A so called double bond can form thank to the sp2 hybridisation: three de-
generate orbitals are constructed out of one s and two p orbitals. They are
coplanar and oriented at 120 ◦ angles of degree. Chemical bonds formed by
these orbitals are called σ bonds and are localised between the two C atoms.
The fourth Pz orbital remains unchanged as it is directed perpendicular to the
sp2 orbitals plane (Fig. 6).

Figure 6: Brief scheme of a σ bond and overlap between the two Pz orbitals to form a π bond
between two carbon atoms.

The Pz orbitals of neighbouring atoms overlap, enabling an additional bond,
called π bond. This yields to a delocalized density of electrons above and
below the SP2 plane which pass through the atoms. π bounds are weaker
than σ bonds, thus, they possess electronic excitation energies in the range of
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only a few eV.8, 10, 56

The degree to which the π-electron system of one molecule interacts with
those of its neighbours lies at the crux of understanding collective properties
in the organic molecules.

free electrons on a circular potential well

Organic molecules considered in this publication are referred as conjugated
aromatic hydrocarbons. The term conjugated refers to the alternating sequence
of single and double bonds in the molecule and because of the high mobility
of π electrons, they are considered to be shared or delocalized between the
carbon atoms.8, 44

The general chemical formula for such kind of molecules is:

C4n+2H2n+4 (7)

where n is the number of rings in the molecule. These molecules are generally
flat (in the ground electronic state at least), and there are (4π + 2) π-electrons
per molecule, one from each carbon atom.

Because of the π-electrons peculiarities, optical properties of catacondensed
poly cyclic aromatic hydrocarbon (PAH, like benzene,56 or larger systems like
antracene or tetracene) can be treated within some approximations with the
perimeter free electron orbital theory (PFEO).57 There, PAHs are considered
analogously to a circular ring of atoms around which electrons can move freely
(benzene is shown in Fig. 7).

Figure 7: Benzene π orbitals delocalized within the six carbon atoms. According to the PFEO,
energy level can be calculated supposing electrons travelling freely along the ring.

Potential V is supposed to be V=0 at the circumference of the circle (radius r)
and V=∞ anywhere else, the energy eigenvalues can be obtained as:8

Eq =
h2

8π2mr2 q2 =
1.21 ∗ 106

l2 q2 (8)

where m is, the electron mass: q is an orbital angular momentum quantum
number and takes subsequent values (0, 1, 2, ..), l is perimeter of the molecule
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defined as l=2πr.
Unlike inorganic semiconductors, excitation energies of molecules (and poly-
mers) can thus be shifted by changing the conjugated system length: going to
higher(lower) energies after decreasing(increasing) the π-cloud delocalization.
For example, the π-cloud can be enriched or depleted by specific substituting
groups and the conjugation length can be maximized or limited by imposing
specifics geometries.

optical properties of organic molecules

In studying the electronic properties of the conjugated molecules, it is sufficient
to focus on the properties of the π-electrons. They are in the highest-energy
occupied orbitals and are therefore the most easily excited. Since the lowest-
energy vacant orbitals are also π-orbitals, the electronic transitions from the
filled to the unfilled levels are referred to as π-π∗ transitions.
Optical properties of molecules can be predicted using simplified wave-
functions. A major simplification is realized by assuming that the change
nuclei distance is almost negligible over the time period required to effect
an electronic transition. This is the basis of the so-called Born-Oppenheimer
approximation.8, 55–57

An isolated molecule in its ground state has two spin-paired electrons resid-
ing in its HOMO. The promotion of an electron into the LUMO leaves a hole
in the HOMO, resulting in a F exciton.8, 10, 56

Scheme in Fig. 8 shows the Franck-Condon principle describing the intensity
distribution of the vibronic states typical for organic molecules.

Figure 8: Left: Diagram of the Franck-Condon principle of the vibronic transitions in mo-
lecules. Right: Schematic representation of a molecular absorption and emission
spectrum with re-absorption at the (0-0) transition.

The absorption (red arrow) and emission (black arrow) are illustrated by the
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Jablonski energy level diagram. The ground, and first electronic states are
depicted by S0, Sl, respectively (Fig. 8), the figure reports a ground state
with a harmonic potential, the excited state has a similar potential slightly
with a shifted nuclei coordinate. At each of these electronic energy levels
the fluorophores can exist in a number of vibrational energy levels, depicted
by 0,1,2. If the molecule is excited by an optical pulse, an electron from the
lowest vibrational level in the HOMO gets to an excited state depending on
the absorbed energy. Since this electronic change is fast, the heavier nuclei
will stay constant in their distance, hence the transition is drawn as a vertical
line.8, 56 The electron relaxes non-radiatively to the lowest level of the LUMO
and successively unwind to one of the vibrational levels of the ground state
without a change in the nuclei coordinate. The transition probability depends
on the ground and excited state wave-functions overlap.
Generally, the fluorescence spectra appear to be a mirror-image of the absorp-
tion spectra, particular in the case of the S0 → Sl transition.8, 58 The symmetric
nature of these spectra is a result of the same transitions being involved in both
absorption and emission, and the similarities among the vibrational energy
levels of S0 and Sl.
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4p and l4p : effects of bridging groups

Comparison between p-quaterphenyl (4P)8, 36 and ladder-type-quarterphenyl
(L4P)2, 36 can give a good insight about π-electrons effects on the molecular
optical properties. The two molecules share in fact the same π-core made of
four phenyl groups, but display different optical properties. 4P is a commercial
laser dye, room temperatures absorption and emission spectra measured in
solution are shown in Fig. 9A.

Figure 9: 4P/L4P comparison: absorption and emission spectra for 4P (A) and L4P (B)
solution (Tetrahydrofuran, THF). All spectra are performed at room temperature
and with an excitation of Eexc=4 eV. Chemical structures are also present within the
graphs.

Because of the rotational and torsional degrees of freedom between the
phenylene ring, the π-delocalization is limited. 4P displays broad absorption
and emission spectra (∝ 700 meV). Since the oscillator strength is distributed
on many energies, the resulting extinction coefficient is relatively low.
The absorption spectrum of 4P is devoid of structure, but some vibrational
progression is visible in its emission. Such deviation from the mirror image
rule usually indicate a different geometric arrangement of nuclei in the excited
state as compared to the ground state.8 The introduction of a rigid back-bone
utterly changes the properties of the molecule (Fig. 9B). When the phenyl rings
are fixed along the common plane, the oscillator strength is confined in sharp
(50 meV) and intense vibronic lines both for emission and absorption.
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2.4 energy transfer

Energy transfer is a mechanism of energy migration between two light-sensitive
species.9, 59 These species are commonly defined donor and acceptor depend-
ing on the directionality of the transfer. Based on the geometry taken into
consideration, several models have been developed to describe the transfer for
such systems.9

When discussing the interaction of (spatially extended) excitations in hybrid
structures, it is useful to recall first how the electric interaction between two
closely spaced species (donor and acceptor) takes place.
In the model of non-radiative Förster resonant energy transfer60 (FRET), the
two molecules are approximated as dipoles with lengths much shorter than
any interaction distance, i.e. point dipoles. Oscillations of the electric dipole
polarization Pd in the excited donor molecule create an electric field:

E =
Pd − 3(Pd · s)s

εR3 (9)

at the position of the acceptor in R, with the unit vector in the donor-acceptor
direction s = R/R and ε the dielectric constant of the medium.
The electrostatic field in Eq. 9 causes the resulting nonradiative interaction
with the acceptor polarization Pa described by the Hamiltonian:

Ĥint = −E · Pa (10)

The interaction of excitations in hybrid nanostructures possesses some analo-
gies with the formalism just described: for both excitation species, the relevant
spatial sizes are small in comparison with the light wavelength, and hence,
one can neglect the retardation effects in the electric field calculation.4, 21 A
substantial difference, however, is that for the spatially extended WM excitons,
the approximation above (Eq. 9) is not always valid.

förster resonant energy transfer

The famous work of Förster60 provides a quantitative description of coup-
ling between transition point-dipole moments of two molecular species at a
distance r. Using the composite wave-function ψtot for the donor (D) and
acceptor (A) states:

ψtot(t) = C1(t)ψ∗A(t)ψD(t) + C2(t)ψA(t)ψ∗D(t) (11)

where ψA and ψD are the two species wave-functions and the symbol ∗ stands
for the excited state. |C1(t)|2 and |C2(t)|2 describe the probabilities of finding
the excitation on one of the two species respectively.8, 61 The electronic energy
oscillates coherently between the donor and the acceptor at frequency |J|/h̄,
where J is the strength of the interaction between the pair.8 With a J ∝ R−3.
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Applying Fermi’s golden rule,10, 43 the dependence of the transfer rate is
calculated as:8

1
τET

=
1

τD
(

R0

r
)6 (12)

where τET and τD are the transfer rate and the donor rate respectively, and R0
is the Förster radius.
The transfer time TD→A is defined as the inverse of the transfer rate KD→A and
is:

1
TD→A

= KD→A =
4|J|

h̄
∝

1
R3 (13)

for most systems, however, the energy received is quickly disperses between
degenerate vibrational states, each of which can relax to level with lower
energy. Such dissipation automatically introduce an irreversibility into the
process.
Förster’s energy transfer rate kF

ET is defined as:8, 61

kF
ET =

k29c4

8πτDn4
0R6

(∫ FD(ω)σA(ω)

ω4 dω

)
(14)

with FD(ω) the normalized fluorescence emission spectrum of the donor,
σA(ω) the acceptor absorption cross section, n0 the index of refraction of the
solvent, c the speed of light and k2 the orientation factor, usually approximated
to 2/3.8, 61 τD is the effective donor decay time in absence of any acceptors.8

The integration in Eq. 14 is performed over frequencies ω.

distance dependence factor

According to Försters theory, the dipoles coupling crucially depends on the
distance R between the species and it scales with 1/R−P. For two point dipoles
P=6. The R−6 factor has been derived by different authors8, 59, 61 and takes into
account that the energy transfer is the product of the inducing field and of the
induced dipole, which are both varying with R−3. For a point dipole which
couples to a plane of acceptors, the exponent reduces to P=4,62 and for two
planes coupling to each other, the exponent reduces further to P=2.63

Although the application of this formalism to QW excitons is slightly incom-
plete, it has been reported that for a configuration similar to the one considered
here, experimental data were fitted with a P=2 distance dependence, similar
to the plane-to-plane coupling in the Förster theory.64, 65 Distance dependent
measurements were also performed for polymer-InGaN/GaN hybrids yielding
a kET ≈ R−2 dependence, which corresponds to the interaction of two dipole
sheets.14, 15

Regarding the system under study in this thesis, ZnO excitons in quantum

22



wells are localised justifying the simple model as a first approximation.18 Previ-
ous experiments17 with ZnO/Molecules pair used a rate kET ≈ R−4 for fitting
the dipole-dipole coupling of an oscillating dipole with a layer of accepting
dipoles placed at a distance d. Such an approximation was valid considering
the localisation length of the QW exciton smaller than R.

excitation energy transfer as joule losses

In a comprehensive work by Basko and Agranovich4–6, 20, 21, 66 energy transfer
is modelled for hybrid systems. These authors supposed that the electric field
ξ(ω) created by oscillations of the QW polarization penetrates into an organic
component of the hybrid structure. There, the field energy is dissipates by
exciting the organic species, given that the transitional frequency ω of ξ(ω)
is close to a molecular resonance in the organic. The transfer rate is then
modelled as Joule losses of the electromagnetic field in the acceptor material.
The geometry of the problem considers a symmetric structure, consisting of
a semiconductor QW of thickness Lw between two barriers of thicknesses Lb
each, the whole semiconductor structure is surrounded by thick slabs of an
organic material (actually, assuming each slab to be semi-infinite) as shown in
Fig. 10.

Figure 10: Sketch of the planar structure that could be used for an energy-transfer-based LED.

In the frequency region here considered the semiconductor background dielec-
tric constant εb is real as the same value for both well and barrier. The acceptor
overlayer is defined as some medium with its frequency-dependent (ω) com-
plex dielectric tensor ε̃:

ε̃(ω) = ε
′
ij(ω) + iε

′
ij(ω) (15)
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the interaction Hamiltonian Ĥint is similar to Eq. 10 and is:

Ĥint = −
∫

d3R
(

P̂org
(R) · ξ̂(R)

)
(16)

ξ̂(R) is the electric field operator, produced by the QW polarization P̂QW
(R).

The transition rate 1/τi, f is obtained by Fermi Golden’s8, 56 rule as:

1
τi, f

= 2πρ| < f |Ĥint|i > |2 (17)

the quantum mechanical problem is thus equivalent to the classical system
reported before (Eq. 9).

free excitons

Supposing that the inorganic donor excitation is composed by 2D WM free
excitons, the QW polarization P(r) can be defined as:21

P(r) = dvc

√
2

πa2
B

2
Lw

cos2
(

πz
Lw

)
eiKr||
√

S
(18)

where S is the in-plane normalization area, K is the in-plane wave vector of
the center-of-mass motion, r|| = (x, y) the in-plane component of r and aB is
the 2D 1S-exciton Bohr radius confined into a QW of width Lw.
The direction of the in-plane component of the exciton dipole moment dvc is
chosen to be along x, preferring to consider the polarization not with respect
to the wave vector, but to some fixed frame. Defined P(r), it is possible to
calculate the corresponding charge density ρ(R) and the static electric field
ξ(R) can be obtained by solving the Poisson equation at the hybrid interfaces21

using:

ϕ(z) = ρ0CKe−K(z−LB−Lw/2) (19)

the values of coefficient CK depend on the orientation considered (in the QW
plane or normal to it) and can be calculated solving the interface Poisson
equation applying the correct boundary conditions.

The expression above is valid exclusively for the free excitons case, in which
the excitonic function is described as a standing wave able to move freely
through the QW plane. In this particular case, the final transfer rate takes is:

1
τET

=
Im[ε]

π2h̄
|dvc|2

a2
B

K|CZ
K |2

L4
w

(20)

Lb represents the width of the spacer and CZ
K is:

CZ
K =

8π2q
K(K2 + q2)

sinh(KLw/2)
εb cosh(KLb + KLw/2) + ε sinh(KLb + KLw/2)

(21)
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above equation (Eq. 20) can be used to calculate the transfer rate for the system
under study, and the resulting curve is presented in Fig. 11 (numerical values
used here are reported in the caption).

Figure 11: Free Z-exciton lifetime τ(ns) with respect to energy transfer as functions of the in-
plane wave-number k (cm−1). The graph is obtained using Eq. 20 and: dvc=0.1 ∗
e ∗ aB, Lw=6 nm, Lb=40 nm, εb=6, ε=4+3i.

The trend shown in Fig. 11 is not unexpected: in fact it resembles the trend of
the classical interaction between two dipoles-sheets. In this case, the coupling
V between two planes at a distance d scales with:

V(k, r) ∼ k ∗ exp−kz (22)

with k the magnitude of the relative in-plane wave vector. This expression
gives the correct asymptotic behaviours τ ∼ 1/K for K → 0 and exponential
growth for K →∞ when applied with Fermi’s Golden Rule.
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localized exciton states

Fluctuations of the QW width, alloy disorder or impurities lead to a loc-
alization of the 2D excitons.7, 40, 67 For localized state, the wave function for the
center-of-mass exciton motion Φ(r) is no longer a plane wave (eiKr|| in Eq. 18),
and the corresponding polarization P(r) is also localized:

P(r) = dvc

√
2

πa2
B

2
Lw

cos2
(

πz
Lw

)
Φ(r||) (23)

in the limit of local states within a thin quantum wells (Lb >> Lw), where
the Bohr radius and the length of localization L ≈ aB are smaller than the
barrier width Lb, energy transfer can be described using the point dipole
approximation. This is the case where the interaction of the localized exciton
with each molecule of organic material can be considered as satisfying Förster
relation Eq. 14 summarized over all molecules.
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2.5 interfaces , heterojunctions and energy level alignment

A solid interface is defined as a few atomic layers that separate two solids
in contact with one another. Directly correlated to the above definition, a
heterojunction is the interface that occurs between two layers or regions of
dissimilar crystalline semiconductors, with unequal band gaps.68–70

From the applications viewpoint, heterojunctions are the baseline for a number
of engineering branches and advanced technologies; since most of modern
semiconductor technology bases on the latter years research and understanding
on surfaces and interfaces.

energy level alignment and band offsets

The central problem of a heterojunction can be summarized by a question:
”How do the band structures of two semiconductors line up in energy with
respect to each other, when the materials are joined together to form a het-
erojunction?”.68 This question has profound fundamental and technological
implications. Supposing a heterojunction composed of two different materials
with gaps Eg1 < Eg2. Figure 12A,B show cases valid both for inorganic, organic
and hybrid semiconductors pairs.

Figure 12: Frontier energy level alignment for the two type of Heterostructures considered.
(A) Type I interface. (B) Type II lieterostructures. CBM refers to conduction band
minimum, VBM to valence band maximum, Eg1,2 are to the energy band gaps,
∆Evb,cb refer to the energy offsets between the two materials.

The difference Eg1 − Eg2 must be accommodated by discontinuities in the
valence and conduction bands edges, ∆Evb and ∆Ecb. It is clear that such dis-
continuities play the leading role in determining the heterojunction properties:
such as the transport and optical response, determining the behaviour and
performances of the corresponding device.
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Depending to the energy of the bands producing the discontinuity, interfaces
have historically been organized into four types:41, 68, 70 Type I, Type II hetero-
structures, Type II misaligned and Type III. These sections and this publication
concentrate only on Type I and Type II, since Type II misaligned occurs only
for some types of inorganic semiconductors and Type III manifest in case of a
semiconductor and a semi-metal with inverted bands.68

In Type I heterostructures (Fig. 12A), the band gap of one material overlaps
with that of the other. Both electrons and holes are confined in the lower-band-
gap material for these heterostructures.
In Type II heterostructures (Fig. 12B), Ev1 > Ev2 and ∆Ecb may be larger than
Eg1. Also, Eg2 is not necessarily smaller than Eg1. Both the conduction-band
edge and the valence-band edge of one material being lower than the corres-
ponding band edges of the other material, the electrons are confined in one
material, while the holes are restrained in the other.

energy level alignment at inorganic/organic interfaces

A hybrid interface is obtained when an organic species is in direct contact
with an inorganic substrate. Applying the same definition reported above, the
relative position of occupied and unoccupied bands (VB, CB) and energy levels
of organic molecules (HOMO, LUMO), will determine the opto-electronic
functionality of the HIOS.
Between the cases reported above, a type I interface will be the most suitable
for light-emitting application,3 while a light-energy conversion system will
relay mostly in the charge transfer favourite by a type II interface.71

Due to the complexity of interface-formation between inorganic and organic
species, involving processes such as redistribution of charges, interface dipole
formation till chemical bonding, it is impossible to predict the energy offsets
for a given material pair basing on the listed values of ionization potential
and electron affinities: both semiconductors are influenced by the presence of
the other. Adsorbed molecules reorganize the electronic structure of the con-
tact surface which, in turn, determinates the molecular efficiency of photo-or
electron-luminescence.72

When a molecule is deposited on a ZnO substrate, the resulting interface
is of Type II.13, 31, 73–75 This is due to the electron affinity of ZnO (approx.
4.2 eV) being larger than the respective value for most conjugated organic
molecules. When a type-II energy level alignment is formed, electrons from
the excited organic component quickly relax into the conduction band of
the substrate, yielding a fast and efficient non-radiative deactivation of the
molecular luminescence.76 In fact, it was shown that the photoluminescence
of a spiro-bifluorenene derivative is substantially quenched when in contact
with ZnO due to interfacial exciton dissociation.31 Such a configuration, detri-
mental when targeting light-emitting applications, is therefore fundamental
for realization of photovoltaic systems.71
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3

E X P E R I M E N TA L

This chapter contains information regarding the experimental conditions of the
measurements discussed in following chapters. Section 3.1 gives the general
hybrid sample design used in this work. The preparation techniques for the
inorganic heterostructures and organic overlayers are described in sections 3.2
and 3.2.1 respectively.
Following their preparations, hybrid samples were investigated about their
structural and optical behaviour. Brief descriptions for the used techniques
and setups are reported in the latter sections (3.3) of this chapter.

3.1 hybrid samples design

The realisation of a hybrid sample with efficient energy transfer requires to
meet two fundamental requirements:

• Spectral overlap between the donor and the acceptor.21, 60

• Small distance between the excitonic species involved.18, 64

While the first point influences the donor-acceptor pair choice, the second
determinates the arrangement of the two components and the general sample
structure. Samples used in this work are generally structured as shown in Fig.
13.

Figure 13: Schematic of the hybrid sample consisting of a ZnO QW (red coloured) as donor
and L4P-SP3 emitting layer (blue coloured) as acceptor. The QW is sandwiched in
ZnMgO barriers (orange coloured) grown on a Sapphire substrate (grey coloured).
A protection layer of tetracontane77 (yellow) prevent contacts between air and
molecules.
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ZnO excitons are confined into a 3.5 nm single QW embedded between a thick
ZnMgO barrier and a thin ZnMgO capping layer. The thick barrier (> 500 nm)
guarantees a good crystal quality of the heterostructure,30 as growth defects
like dislocations annihilate before reaching the ZnO cap. The thin cap (approx.
2 nm), instead, maximizes the inorganic/organic coupling still granting good
quantum confinement in the well. Half of the sample surface is covered with a
thin (approx. 3-4 nm) molecular overlayer, notably in this case L4P-SP3 (Ch.
5). The half coverage allows to compare hybrid and reference sample on the
same QW substrate. The thickness of the overlayer is also a crucial point for ET
experiments, as only the molecules closest to the interface will be sensitized.
For excessive thick overlayers, signal contribution from the farer molecules will
interfere with the ET measurements. On top of the molecular layer, approx. 15
nm of Tetracontane77 are evaporated to prevent contacts between the molecules
and air.

3.2 samples preparation

The realization of a high quality hybrid interface requires considerable efforts.
In the preparation of the organic layers, exposure to air can have dramatic
effects: oxygen can strongly reduce the photo-stability of organic molecules,1, 78

and air can harm the structural stability of thin films.74

To prevent any exposure of the samples to air, the heterostructures and the
organic overlayers are prepared using ultra high vacuum (UHV) techniques
such as molecular beam epitaxy (MBE) and organic molecular beam deposition
(OMBD). To prevent any air-contamination, the intermediate transport between
growth chambers also takes place in UHV environments.

Molecular Beam Epitaxy and QW growth

Molecular Beam Epitaxy (MBE or solid-source MBE) is the defined deposition
of epitaxial films onto heated substrates using atomic and molecular beams
under UHV conditions. MBE is an extremely versatile technique for preparing
thin semiconductor heterostructures, because it yields precise control over
the growth parameters and in-situ diagnostic capabilities. These are vital for
efficient energy transfer: any ET investigation depends on the precision and
control over the thicknesses and morphologies of both the capping and the
QW layers.
The QW structures are prepared with atomically smooth interfaces in a layer-
by-layer growth regime.30 Heterostructures produced for this work are grown
on a-plane sapphire substrates which induce a growth along the c-axis of
a wurtzite crystal and result in the O-terminated (000-1) ZnO surface. To
achieve quantum confinement and good excitons capturing in the well, ZnO
is embedded between two ZnMgO barriers with a Mg composition of 11%.
Since the barrier band-gap Eg,ZnMgO=3.6 eV is higher than for ZnO (Eg,ZnO=3.4
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eV), a later selective excitation of the sole well is enabled. A more detailed
description of the QW preparation can be found elsewhere.30, 79

A particular advantage of MBE is the preparation of atomically smooth,
largely intrinsic surfaces as the starting point for a subsequent deposition of
molecules. While hydrogen impurities are frequently observed in ZnO crystals,
secondary-ion-mass spectroscopy of MBE-grown films used here demonstrates
that the hydrogen concentration is below 1016 cm−3.30, 79

Sample Transport and Storage: All-UHV Procedure

ZnO heterostructures produced by MBE must be transferred into the organic
molecular beam deposition (OMBD) without intermediate breaking of the
UHV. This is the first critical part in the realization of an hybrid structure74 and
for this purpose, a special transport vacuum chamber (Fig. 14) was realized:

Figure 14: Vacuum chamber used for sample transportation: this chamber is designed to stand
UHV and to be connected to MBE and OMBD lock-in; a special external adaptor
allows connection to a glove-box.

The transport chamber is compatible with load-locks of both the MBE and
OMBD chambers, and can store samples with an internal pressure of 10−8

mbar. Thanks to this transport chamber, the inorganic samples can be either
transferred to a glove-box for further characterizations, or to the OMBD for ad-
ditional growth of organic overlayers. In the glove-box a nitrogen atmosphere,
with oxygen and water concentrations less than 0.01 ppm, replaces the UHV.
Samples are than extracted and for optical characterization.

If an additional organic film should be grown on the sample, the transport
chamber is connected to the load-lock of the OMBD, where the organic over-
layer is grown. After deposition, hybrid samples are than transferred into the
glove-box through the vacuum chamber. Once under nitrogen atmosphere,
samples can be installed into the flow cryostat.
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A drop of silver paint between sample and sample-holder ensures optimal
thermal conductivity. Once inside of the cryostat, samples are transported to
experimental setups for optical characterization.
This procedure has two important consequences:

• The ZnMgO surfaces under study can be considered ”pristine”, despite
the extra deposition and the experiments being carried outside of the
growth chamber.

• The organic layers can be considered Water and Oxygen free, resulting in
a better photo- and structural stability.

3.2.1 Organic Molecular Beam Deposition

Molecular layers within this work are prepared using an Organic Molecular
Beam Deposition (OMBD) apparatus which is similar, in many respects, to
conventional molecular beam epitaxial growth systems.80 Typically, growth
occurs by the evaporation in an UHV ranging from 10−8 to 10−9 mbar of
a highly purified powder by a Knudsen-type effusion cell. The flux of the
molecular beam is controlled by the Knudsen cell temperature: typical growth
rates range from 0.1 to 4 Å/s. A mechanical shutter allows the beam flux to
the substrate and is thus a key element, since it allows to start the organic
deposition only at the desired growth rate. The lower end of this range has a
danger of adsorbing contaminants onto the surface, whereas at higher rates,
growth is extremely difficult to control. Growth rate is measured using a
quartz crystal micro-balance.55

Before a growth run, the Knudsen cell is heated below the material sublimation
temperature in order to continuously out-gas the source. The UHV storage
of the source material at elevated temperatures is a key factor in eliminating
impurities and moisture.80

A shadow mask allows to deposit the organic layer only on a portion of
the sample surface, leaving always a pristine area for reference measurements.
Upon deposition of the molecular layer, a 15 nm layer of Tetracontane77 (C40)
is deposited on the samples (Fig. 15) at approx. 5 Å/s .

Figure 15: Chemical structure and formula for tetracontane.

Tetracontane (C40H82) is a wide gap saturated alkane that grow up-right
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standing on ZnO and sapphire surfaces.77 Being the C40 chain approximately
5 nm long, 15 nm correspond to 3 layers of the molecules.

The particular morphology and structure of deposited films is a balance
between the molecule-substrate and molecule-molecules interactions.69 In
general, growth is divided into three predominant modes:

• Frank-van der Merve growth: For this case substratemolecule interactions
outweigh the molecule-molecule interactions. Molecules will grow in a
layer-by-layer fashion, closing proceeding layers first.

• For the opposite case of superior molecule-molecule interactions the
molecules nucleate to islands, which is called Volmer-Weber growth.

• There further exist an intermediate case (Stranski-Krastanov growth), in
which one or a few closed monolayers are formed before subsequently
island growth prevails. Here, the first closed monolayer modifies the
substratemolecule interactions to a point that continued layer-by-layer
growth is unfavourable.

Knowledge of the growth mode is critical for the interpretation of ET data.

3.2.2 Non-UHV Layer Preparation: Spin Coating

Spin coating is technique to create organic layers from solutions. The achiev-
able layer thickness range from few nm to µm. For the present work, this
technique was selected to prepare homogeneous films of a polymer (poly-
metilmetacrilate, PMMA or polystyrene, PS) containing a certain weight per-
centage (wt. %) of the molecular species under study. The spin coater used
for the fabrication of samples was a Schaefer Technologies GmbH SCI-20 with
adjustable top speed.
Layers are prepared by dripping few drops of a solution are tapped on a
substrate which is successively pivoted at a constant speed (40-50 rotation per
seconds) thus, removing all the excess solvent from the surface. The thickness
of the polymeric layer adjusted by the concentration of the solution and by
the rotation speed.81 This technique creates a surface with high flatness and
nearly constant thickness. Because of its straightforwardness samples can be
prepared in short time. On the other side, since the film preparation takes
place under ambient conditions, species like oxygen and water are always
incorporated into the films, with detrimental effects on the molecules stability.1
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3.3 characterization techniques

This section contains short summaries of the measurement techniques used in
the coming chapters.

3.3.1 Optical Measurements

photoluminescence spectroscopy

Photoluminescence is the emission of photons from electronically excited
states.
Standard photoluminescence spectroscopy is performed using the Xenon lamp
for optical excitation. A scheme of the setup in shown in Fig. 16.

Figure 16: Experimental setup for angular photoluminescence and photoluminescence excita-
tion spectroscopy.

The excitation wavelength is selected by a double Monochromator Horiba
Gemini-180(2) in additive configuration. A double monochromator has the
advantages of a high scattered light suppression and high spectral resolution
(dispersion = 1.77 nm/mm). The Xenon lamp(1) allows for an excitation range
from UV (4.2 eV) down to visible (2.3 eV). The samples are mounted in a
helium bath cryostat(3) custom built by the ”Klaus Schaefer Gesellschaft fuer
Verfahrenstechnik GmbH” with three quartz windows for optical access. The
light emitted by the samples is collected and focused into a ACTON SP2300
monochromator(4) with a focal length of 0.3 m. The monochromator mounts
two gratings with 300 and 2400 lines/mm, respectively.
PL spectra are acquired with a CCD camera PIXIS256E(5). The recorded
wavelength are corrected for the vacuum wavelength and converted into elec-
tron volts using the relation: 1 eV correspond to 1239.842 nm.
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photoluminescence excitation

Closely associated with photoluminescence is the photoluminescence exci-
tation spectroscopy (PLE). An excitation spectrum is the dependence of emis-
sion intensity at a single wavelength, upon the excitation wavelength. PLE
is similar to absorption in some sense, with much better sensitivity. Detec-
tion limits can be three orders of magnitude smaller than those encountered
in absorption spectroscopy.58 For these measurements, the ACTON SP2300
monochromator(4) is set to some wavelength value inside the emitted pho-
toluminescence band and excitation energy is scanned with the GEMINI(2),
intensity changes of the emission are recorded by a photomultiplier tube(6).
The advantage of this technique is its sensitivity. Like photoluminescence,
excitation spectroscopy doesn’t require thick samples, as it must be used in the
case α ∗ d� 1 (with α the absorption coefficient and d the sample thickness).
This technique, thus, can be used to resolve absorption spectra of thin molecu-
lar layers (2-4 nm) and of single heterostructures (2-3.5 nm). An example of
PL/PLE measurement is reported in Fig. 17A,B.

Figure 17: Photoluminescence and excitation spectra: (A) Low temperature PL spectrum
(black line) for a ZnO/ZnMgO SQW, the red line is the excitation spectrum
acquired at approx. 3.35 eV (black arrow). (B) Jablonski diagram showing the
electronic transition measured with the PLE spectrum in (A).

The above figure reports the low temperature emission (black line) and excita-
tion (red line) spectra of a ZnO/ZnMgO SQW acquired with the PL/PLE setup.
The excitation spectrum performed on the QW emission (Edet=3.37 eV) allows
to unveil the physical origin of the emitted signal from the heterostructure and
can be understood with the Jablonski diagram shown if Fig. 17B.
The excitation is scanned from 3.3 eV with increasing energies, for Eexc > 3.4
eV, the QW begins to absorb, and the luminescence signal increase as the GEM-
INI scans over the excitonic resonances n=1 and n=2 (Eexc=3.41 and 3.45 eV).
For higher energies (Eexc > 3.55 eV), the PLE spectrum displays the absorption
band edge of the ZnMgO barrier. The latter feature indicates efficient capture
of photo-excited carriers by the QW. For higher excitation energies (Eexc > 3.6
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eV) the PLE spectrum saturates, as the thickness of the barrier invalids the
α ∗ d� 1 limit.

µ-photoluminescence spectroscopy

The µ-PL setup is shown in Fig. 18. The excitation source is a mode-locked
Titan Sapphire laser Mira 900(2) from Coherent (5 W/cm2, 76 MHz), pumped
by a VERDI V18 Nd:YAG laser(1). The setup allows µ-meter resolution as
the laser is focused by micro optics(3) Olympus LUCPlan FLN to a radial
symmetric spot of about 3 µm in diameter. An interchangeable holder, enables
to switch to a M PLAN APO NUV microscope with 100X magnification for
high spatially resolved (spot size approx. 1 um) experiments. The MIRA
produces pulses shorter than 200 fs. Due to these short pulses, the spectral
width is approx. 6 nm (FWHM). The red emission of the MIRA is converted
into UV light by a frequency-doubling crystal(4). Luminescence signal is recor-
ded using an Acton SpectraPro 2500i spectrometer(5) with 0.5 m focal length.
The monochromator mounts two gratings with 300 and 2400 lines/mm and
enables a dispersion of 1.6 nm/mm. PL spectra are acquire by a liquid nitrogen
cooled Acton SPEC-10:100 CCD camera(6). The emitted light is detected in
backscattering geometry as the sample are cooled by a flow cryostat Oxford
Instrument MicroHR2(7).

Figure 18: Experimental setup for angular photoluminescence and photoluminescence excita-
tion spectroscopy.

Time-resolved PL measurements (TRPL) were performed using the same
pulsed Ti:Sapphire. In these experiments PL transients are obtained by time-
correlated single-photon counting using a microchannel plate photomultiplier(8)
HAMAMATSU R3908 mounted to the side exit of the same monochromator.
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The overall time resolution obtained is of 30 ps. Data fits, and so the decay
time of PL transient curves are obtained by:

IQW(t) =
∫ t

0
dt′K(t′)N(t− t′) (24)

where K(t) represent the system response to the excitation pulse, the de-
convoluted exciton population N(t) yields to the lifetime τ.

quasi-continuous laser characterization

The lasers called quasi-continuous wave have a repetition rate of around
80 MHz. For such type of measurements, the excitation source selected is
a synchronized Coherent 700 dye laser(2) pumped by a frequency doubled
Nd:YVO4 laser(1). The dye laser emits in the red range and it can be again
frequency doubled(3) to UV/blue light. The laser light is focused on the
sample with a spot of approx. 0.1 mm diameter. The samples are mounted in
a helium bath cryostat(4) equivalent to the one for PLE characterization.

Figure 19: Experimental setup for angular photoluminescence and photoluminescence excita-
tion spectroscopy.

The advantages of this setup compared with the µ-PL equivalent, is the least
laser width of the dye laser (approx. 1 meV). Unlike the above geometry, here
the light emitted from the sample can be collected by three different apparatus.

In one case, the light is dispersed by a 1.1 m monochromator SOPRA(5),
with a 600 lines/mm grating and a dispersion of 1.6 nm/mm, the spectra are
acquired by a liquid nitrogen cooled camera(5b) EG&G Princeton Applied
Research CCD Mode. High resolution is important for characterization of
heterostructures. By switching a flipping mirror(F1), the light emitted by the
sample is dispersed by a 0.3 m ISA Instruments monochromator(6) with a
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300 lines/mm, spectra are acquired by a CCD analogous to (5b). This ”low
resolution” detection arm is used for molecular emission measurements.
Upon turning the two flipping mirrors(F1,F2), PL transients are obtained by
time-correlated single-photon counting using a micro-channel plate photomultiplier(7).
Before reaching the photomultiplier, incoming light is dispersed by a double
monochromator in subtractive mode(8) Yobin Yvon HR 250.

uv-vis spectrometer

A widely automatic UV-VIS spectrometer Shimadzu UV-2101PC is used as
standard characterization method. This device allows precise and reproducible
transmission measurements at room temperature. A combination of tungsten
and a deuterium lamp enables to measure on a range of wavelength from 190
to 900 nm. The resolution can be tuned down to a minimum of 0.1 nm.

Figure 20: Experimental setup for angular photoluminescence and photoluminescence excita-
tion spectroscopy.

Transmission and absorptions spectra were used to characterize magnesium
concentration in heterostructures and molecular concentration/thickness for a
organic samples respectively. In the specific, magnesium content of the ZnMgO
barrier can be extracted from transmittance spectra, observing the position of
the sample absorption band edge.30
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3.3.2 Ultraviolet Photoelectrons Spectroscopy

Photoemission spectroscopy (PES) is a technique for electronic characterization
of interfaces. It relies on the photoelectric effect: emission of electron from
matter upon absorption a photon of given energy Ephoton=hν. The kinetic
energy Ekin of the ejected electron is given after Einstein by:

Ekin = hν− EB − φ (25)

where EB is the binding energy of the electron, and φ is the work-function
of the material. Because of its nature, PES measurements give information
about the occupied electronic structure, also called valance bands. Koopmans
theorem70 assumes that all the energy levels of a molecule remain unchanged
during the ejection of an electron. Consequently, the first ionization potential I
of a closed-shell system is equal to the negative orbital energy of the HOMO,
i.e., the binding energy. Hence, PES maps directly the occupied density of
states (DOS) in good approximation. Particularly, in ultraviolet photoelectrons
spectroscopy (UPS), light emitted by a helium discharge lamp at hν=21.22 eV
(He-I) is usually used to eject valence electrons in the proximity of the Fermi
level EF, and their kinetic energy Ekin is analysed.
There are two different main processes that are observed in a UPS spectrum:

• The primary (photo-)electrons: the ones that do not undergo inelastic
scattering within the material.

• The secondary (photo-)electrons: the ones that undergo inelastic scatter-
ing events within the material as they travel out of it.

Primary electrons do not lose their energy and hence they do not lose informa-
tion about the initial state they existed. They produce distinct spectral features,
representing in first approximation the Density of States of the material. Bind-
ing energies of electronic states can be extracted from these features.
The majority of the secondary electrons undergo inelastic collisions, hence they
are ejected out of the material with reduced kinetic energy. The secondary
electrons give a continuous background that is superimposed with the distinct
features given by the primary electrons. Signal onset stemming from these
electrons is used to calculate the work function of the material.
Besides pinpointing the energy of detected electrons to the corresponding
states in the sample one can also use PES to measure the samples work func-
tion φ via the position of the secondary electron cut-off (SECO). Inelastically
scattered electrons having not enough energy to overcome the samples work-
function cannot escape the sample, yielding a cut-off in the spectra. A more
detailed description of UPS and SECO can be found elsewhere.82

UPS shown in this publication are performed at PM4 beamline at Bessy
(Germany) consisting of an interconnected sample preparation analysis UHV
apparatus with a base pressures between 10−8 and 10−10 mbar. Photoelectrons
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excited with 35 eV UV light are detected by a Scienta SES 100 spectrometer
with approx. 200 meV energy resolution.

3.3.3 Atomic Force Microscopy

Atomic force microscopy (AFM) is a valuable technique to resolve the mor-
phology of deposited organic thin films. In contrast to X-ray techniques, AFM
allows one to study the films in real-space and gain direct information about
the densities of molecular islands, their size and shape.
An AFM consists of a cantilever with a sharp tip (probe) at its end that is
used to scan the specimen surface. The tip scans a defined area of the sample
(usually 100x100 µm2), which is the reason for the AFM being also referred to
as scanning force microscope (SFM). When the tip is brought into proximity
of a surface, forces between the pair lead to a deflection of the cantilever. The
latter is measured using a laser spot reflected from the top surface of the
cantilever into an array of photo-diodes

In general, possible imaging modes are divided into static (also called
contact) modes and of dynamic (intermittent-contact) modes.
In contact mode, the tip is ”dragged” across the sample and contours of the
surface are measured. Contact mode can also be used to modify actively the
sample. By scraping the tip onto a surface, is possible to drag and/or sweep
molecules physically adsorbed.
In intermittent-contact mode, the tip does not touch the sample surface instead,
the cantilever is forced to oscillate near its resonant frequency at a fixed
surface-ti distance. Interactions between sample and tip decrease the resonance
frequency of the cantilever. The software reconstructs a topographic image of
the sample surface by measuring the damping and the phase-shifting of the
interaction.

AFM pictures shown in this publication were recorded using a JPK NanoW-
izard 3 apparatus performed under ambient conditions. Morphology images
were recorded using the non-contact mode. Thickness of the molecular over-
layer were extracted by scratching a section of the layer using the tip in contact
mode and than remeasuring the morphology.
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3.3.4 X-Ray-Reflectometry

X-Ray-Reflectometry (XRR) is a method used for monitoring the growth re-
gime of a molecular layer. XRR can be used to characterize the out-of-plane
crystallinity. However, the field of application is not restricted to well-ordered
structures. The technique can also be applied to amorphous materials in order
to unravel properties like electron densities, film thicknesses and roughnesses
in the range of few Ångström.
In XRR, a monochromatic X-ray beam of wavelength λ irradiates a sample at
a grazing angle ω and the reflected intensity at an angle 2θ is recorded by a
detector. Reflections at the surface and interfaces is due to the different elec-
tron densities in the subsequent layers (films), which corresponds to different
reflective indexes in the classical optics. For incident angles θ below a critical
angle θc, total external reflection occurs.
The density of the material is determined from the critical angle, which is for
most materials less than 0.3. Above θc the reflections from different interfaces
interfere resulting in fringes. The period of the interference fringes and the fall
in the intensity are related to the thickness and roughness of the layer (layers
in case of multi-layers). The reflection can be analysed using the classical
theory (Fresnel equation). The XRR curves of BPA, 5FBPA and 3FMBPA were
acquired on an X-ray diffractometer with a rotating Cu-Kα anode source. The
measurements shown in this publication, were performed in a high vacuum
(HV) chamber at a pressure of 10−6-10−7 mbar to avoid beam damage by
Ozone. Measurements in the university laboratory (Hu Berlin; AG KOH)
were performed with an EFG/Rigaku rotating anode Cu Kα x-ray system
featuring a comparatively high flux of 500M counts/s in the primary beam.
The diffractometer uses up to 4 rotational and 2 transitional degrees of freedom
and is equipped with a scintillation detector counter.
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4

P H O T O P H Y S I C A L P R O P E RT I E S
O F L 4 P A N D D E R I VAT I V E S

4.1 motivation

Innovative HIOS structures are meant to exploit efficient electrical injection and
high excitation density of inorganic semiconductors with the high radiative
emission yield of organic semiconductor. It is thus clear that the excitation
transfer between the two components have a key role in the overall system
design. Inspired by this combined route of function sharing, previous works
already addressed theoretical and experimental aspects of HIOS, such as the
presence of efficient energy transfer.14, 15, 17, 18, 83

However, most of the studies so far still have not truly demonstrate the HIOS
superior potential for light emission. The low temperature transfer efficiency
is still comparable with the radiative transfer for phosphors-based OLEDS
(65-67%11) and the room temperature coupling has still to be achieved.27

In this chapter, a ladder-type quaterphenyl is chosen (L4P, chemical structure
see Fig. 21), as energy transfer partner for ZnO.1, 36

Figure 21: Spectral overlap of the PL spectrum (red line) of the sole QW structure (LQW=3.5
nm) and absorption spectrum of L4P (blue line) on sapphire.

The selection of L4P as hybrid emitter is meant to target directly the limited
performances of ”state of the art” hybrid devices, often relying on organic
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polymers as final emitter.64, 65 The latter are, by their nature,8, 45 characterized
by broad and unstructured spectra and thus showing a limited spectral overlap
with the quantum structure donor, characterized by sharp optical transitions.

Because of its rigid planar geometry, L4P exhibits superior photophysical
properties as compared to non-rigidified oligophenyls:

1. weakly Stokes-shifted absorption and emission,

2. spectra with well-resolved vibronic progressions,

3. QY close to unity in solution.

The small Stokes shift facilitates energy migration within the organic layer, and
L4P S0 →S1 transitions, characterized by prominent vibronic features, cover
the exciton resonance region of ZnO.

4.2 structure of the chapter

This chapter presents energy transfer experiments between high quality ZnO
SWQ and thin layer os L4P dissolved into an inert polymeric layer. Lumin-
escence, excitation luminescence and time-resolved measurements are fist
performed on a pristine ZnO sample. Energy transfer measurements are per-
formed on the same QW after the deposition of the molecules.
Final sections of this chapter are dedicated to L4P degradation. Kinetics and
mass spectrometry studies of L4P in solution, including results concerning
the identification of the L4P-photo-degradation product, are reported else-
where.1 The later experiments focus on optical properties of L4P in solid state,
considering in particular interactions between pristine and degraded L4P.
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4.3 experimental

l4p films preparation : spin-coating

Despite its stability to vacuum deposition, OMBD samples of L4P on Al2O3
(and other oxide surfaces) show a three-dimensional Volmer-Weber growth
mode (Fig. 22A). High surface diffusivity and a strong tendency of L4P to
crystallize favour the formation of large clusters with an average height of
approx. 250 nm. The deposited amount of material corresponds to a nominal
film thickness of 3 nm only. This grown regime was found to be independent
of the substrate temperature, which was kept between 90 and 300 K.36

To obtain smooth thin films with a high concentration of molecules, L4P was
dissolved in Polystyrene (PS) with a defined weight %. The resulting spincas-
ted layer displays the targeted closed layer structure with the desired thickness
(Fig. 22B).81

Figure 22: AFM image for L4P samples. (A) AFM image for a L4P layer prepared by OMBD
on a sapphire substrate. (B) AFM image for a L4P:PS layer on sapphire prepared
by spin-coating.

PS was selected because of its high glass transition temperature (Tg=120 ◦C),
that should inhibit entirely molecular diffusion and prevent the formation
of aggregates. PS, rather than other transparent polymers, was also selected
because of its impermeability to air. Films were prepared from toluene solu-
tions.81

For ET experiments, L4P was dispersed with a concentration of 20 wt.% and 3
nm films were spincasted on a 3.5 nm ZnO SQW. A 2 nm layer of Zn0.9Mg0.1O
acts as a spacer between the molecules and the ZnO well. Reference measure-
ments were performed on equivalent films spincasted on sapphire substrates.
Layers thicknesses were extracted from AFM measurements (Fig. 22B) and
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absorption spectra. The latter were also used to monitor the L4P concentration
in the films using:8

A = dMε (26)

where A is the measured absorbance, d is the optical path-length and M is the
molar concentration. ε is the L4P extinction coefficient (100000 M−1cm−136)
extracted by low concentration solution measurements. 20 wt.% samples were
selected for ET experiments, being the latter value close to the L4P solubility
limit in the polymer.

energy transfer experiments

The occurrence of ET are elucidated by photoluminescence excitation and
time resolved spectroscopy. In order to limit the effects of photo-degradation
during the experiments, low excitation density (0.35 W/cm2) and short integ-
ration time (20 s) were chosen. In addition, each spectrum was acquired on a
new, pristine sample position. All measurements here shown were acquired at
Helium (approx. 4 K) temperature.
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4.4 results and discussion

energy transfer between zno and l4p

PL and PLE spectra of the hybrid sample are shown in Fig. 23A,B. The
luminescence spectrum of the sample displays both the QW emission at 3.37
eV and the L4P spectral features (Fig. 23A). The molecular signal is magnified
by a factor of 10 for better visibility.
The sole QW excitation spectrum (Edet=3.35 eV, red line in Fig. 23B) reveals
the substructure of the valence band and the ZnMgO barrier band edge, the
latter being indicative of efficient carrier capture by the QW. Below the barrier
edge, the excitonic n=1 and n=2 transitions are resolvable at 3.41 and 3.5 eV
respectively. Energy transfer is evidenced by the prominent ZnO QW and
ZnMgO barrier absorption features in the PLE spectrum acquired on the L4P
emission (Edet=3.28 eV, black curve in Fig. 23B)

Figure 23: Energy transfer in L4P/ZnO hybrid structures: (A) PL spectrum of the hybrid
sample, luminescence generated by the L4P is magnified by 10 times for better
visibility, Eexc=3.45 eV. (B) PLE spectra for the hybrid structure: spectrum of L4P
on Al2O3 (blue dotted line), spectrum detected on the ZnO emission (Edet=3.35
eV, red line) and spectrum detected on the L4P emission in the hybrid sample
(Edet=3.27 eV, black line). The green line is the result of subtracting the blue curve
from the black curve.

Subtracting the sole L4P absorption measured on a reference sample (blue line)
from the ”hybrid” PLE, the ZnO excitation spectrum is recovered (green curve):
proving that the hybrid excitation spectrum is a convolution between inorganic
and organic components, and that ZnO feeds the molecular luminescence.
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The non-radiative character of the energy transfer is validated by QW PL-
transient behaviour upon deposition of L4P, see Fig. 24.

Figure 24: PL(t) spectra for L4P/ZnO hybrid structure. Comparison of the normalized PL
decay curves detected at the QW peak with (blue curve) and without (red curve)
the L4P:PS overlayer. The black solid lines correspond to single-exponential fitting
curves.

For the pristine ZnO/ZnMgO QW, emission from the exciton ground-state
decays in good approximation single exponentially with a time constant of
τQW=222 ps (red curve). When in contact with L4P, the QW lifetime shortens
to τH

QW=116 ps (blue curve).
Energy transfer can be described with a rate equation model of two two-level

systems. Without any coherent effects, populations of the excited state for the
QW and of L4P are respectively:

η̇QW = gQW(t)−
(

1
τQW

+
1

τET

)
ηQW

η̇L4P = gL4P(t) +
1

τET
ηQW −

1
τL4P

ηL4P

(27)

where τQW and τL4P are the lifetimes for QW and L4P measured in separate
samples, τET is the non-radiative transfer time, gQW(t) and gL4P(t) are the
generation rates for the QW and L4P excited states. Supposing an ultra-short
excitation, the above system of differential equations can be solved as:

ηQW = ĝQW ∗ exp(−t/τHB) (28)

ηL4P = ĝL4P ∗ exp(−t/τL4P) + ĝQW
exp(−t/τL4P) − exp(−t/τHB)

τET

(
1

τHB
− 1

τL4P

) (29)
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with:

ĝQW/L4P =
∫ +∞

−∞
gQW/L4P(t)dt (30)

Eq. 28 is crucial to understand the experimental evidence of Fig. 24, when in
contact with an acceptor specie, the QW lifetime shortens to τHB=τQW-τET.

Using the above model, measurements result can be used to estimate of the
transfer time τET with:

1
τET

=

(
1

τQW
− 1

τH
QW

)−1

(31)

in this case τET=232 ps.
The transfer efficiency is defined as:

ηET =
τHY

τET
= 1−

τH
QW

τQW
(32)

here ηET=0.48 which means that 5 out of 10 QW excitons are transferred to the
L4P.

transfer efficiencies and structural limitations

Aside from proving the ET process, it’s important to spend some words
on the nominal efficiency obtained (approx. 50%). Molecules are dissolved
into a matrix to obtain a homogeneous distribution of acceptors, nevertheless
only species directly in contact with the hybrid interface are effected by ET,
molecules further away are barely influenced.
Acceptors are randomly dispersed at any distance from the ZnO interface but
it’s possible to predict their average disposition among the thing film. As
shown in Fig. 25A, L4P molecules can be approximated to cylinders of approx.
1.7 nm long and diameter of approx. 0.7 nm.

Figure 25: L4P in Polystyrene. (A) L4P chemical formula approximating the structure to a
cylinder of approx. 1.5 long and approx. 0.7 nm of diameter. (B) Space distributions
of L4P cylinders in a PS layer.

Supposing the absence of any aggregates previous spin-coating, it’s possible to
calculate the total number of molecules present and, their average distance for
the 20 wt.% concentration, in this case approx. 1.5 nm. The latter number is
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valid for all directions: when a molecule lies directly at the ZnO/PS interface,
another can lie above it, in proximity of the PS/air interface. But when a
molecule is situated further from the ZnO, than there is no space to fit a second
acceptor in the vertical direction (Fig. 25B).
Collecting emission from a large spot, contribution from in-contact and further
molecules will be averaged. The resulting mean distance of L4P will not be at
the hybrid interface but in the proximity of the polymeric layer centre. Only
molecules directly in contact will be influenced by the energy transfer, and
only a fraction of those will have the right orientation to enable the transfer of
energy.
Upon these considerations, the limited number of molecules eligible for energy
transfer, both for distance and for orientation reasons, corresponds to a an
effective lower absorption cross section and to a limited value of the orientation
factor k2 in the transfer rate (kF

ET) definition (Eq. 14).
Although is impossible to measure that exact fraction of molecules actually
eligible for energy transfer, both these effects can justify the low measured
transfer efficiency.
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4.5 energy transfer conclusions

This chapter presented ET measurements between L4P and a ZnO SQW.
L4P was dispersed into a solid PS matrix to obtain homogeneous thin films
spincasted from a solution. The highest efficiency measured was ηET ≈ 50%
within a transfer time of 230 ps. Above results can be attributed to the matrix
effectively ”diluting” the molecules: with a 20 wt.% concentration, the minimal
L4P-L4P distance can be estimated to approx. 1.5 nm. With such a distance
(Fig.25B) the average distribution of molecules directly on the ZnO surface, and
thus sensitizable by the energy transfer are limited. L4P must be chemically
modified or substitute with a similar molecule that enables a better sample
design.
The present work is a proof-of-concept study: electronic coupling of ZnO and
L4P excitons is principally demonstrated but the sample geometry must be
improved.

Another important push-back for L4P lies in its least photo-stability: L4P
solutions exposed to UV excitation under ambient condition change their
absorption spectrum. This can be directly observed in L4P solutions: after UV
illumination, the pristine transparent liquid turns yellowish as shown in Fig.
26.

Figure 26: Colour change of L4P solutions after different exposure time to UV light. The three
cuvettes contain the same L4P solution (10−4 M) in Tetrahydrofuran (THF) and
were exposed to 10 W/cm2 laser under ambient conditions. Slightly and strongly
aged correspond to 15 and 30 minutes of laser exposure respectively.

The same effect was also observed for L4P thin films. These changes are crucial
for ET measurements, as they effect directly the overlap integral and thus the
transfer rate (Eq.14).
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4.6 polyfluorenes degradation : l4p case

For polyfluorenes, several studies commonly attribute the degradation reaction
to oxygen species, with a consequent formation of fluorenone-type defects.84–87

These model is generally accepted, and it supposes the cheto-defect to act as
energy traps with a subsequent green-to-yellow light emission at rather low
efficiency.78, 86, 88

All experimental data presented here after consistently demonstrate that the
green emission observed for thin films, is the same photo chemically gener-
ated defect observed in solutions. By working with defined intermolecular
distances, efficient ET between L4P and L4P-deg was demonstrated.
Although initial spectroscopic studies suggest the same to hold true for LOPPs,
kinetic studies of the degradation process are not compatible with the estab-
lished mechanism. A deeper and more complete study on the L4P degradation
can be found elsewhere.1 Further experiments about the L4P degradation
must be performed to understand how the aging effects the measured transfer
rate.

Sample Preparation

While photo-degradation kinetics of L4P are more conveniently studied in
dilute solutions, interactions between L4P and L4P-deg are better studied in
thin films with arbitrary molecular concentration. Films studies are also basilar
for electronic and optoelectronic applications, since all devices must be in solid
phase.
Pristine layers with notably different average intermolecular distances were
investigated: three 100 nm thick films (A, B, and C) with increasing L4P concen-
trations (1, 10, and 20 wt.%) were spincasted on sapphire substrates. Assuming
a homogeneous distribution of molecules in the matrix, the associated average
intermolecular distances decrease from 4 nm over 2 nm and 1.5 nm for samples
A, B, and C, respectively.
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photodegradation : the role of oxygen

1,4-diazabicyclo[2.2.2]octane (DABCO)89 was added to the L4P/PS layer B
to understand the role of singlet oxygen in the photo-degradation. Integrated
emission spectra with and without DABCO are reported in Fig. 27.

Figure 27: Influence of singlet oxygen quencher DABCO on the aging rate. Black line:
Integrated PL intensity of the L4P 0-0 transition over time under constant UV
illumination for a 100 nm 10 wt.% L4P/PS layer. Red line: Integrated PL intensity
for an equivalent layer in the presence of the same wt.% of DABCO as L4P. The
chemical structure of DABCO is shown in the graph. Aging was performed with
a Ti:Sapphire laser (Eexc=3.5 eV) under vacuum conditions (10−4 mbar) and an
excitation density of 35 W/cm2.

Addition of DABCO thus results in a considerably slowing down of the de-
gradation.1 The time window was chosen to be 60 seconds in agreements with
standard acquisition time for PL time resolved measurements. Approximat-
ing the first part of the two curves into straight lines (dashed black and red
lines) is possible to extrapolate a rate of aging for the two samples. Values
(KDABCO=(300 s)−1, KL4P=(25 s)−1) evidence the one order of magnitude (in
time) increase of the stability caused by DABCO.
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l4p-l4p-deg interaction

Fig. 28A shows PL spectra of the pristine films normalized on the 0-0 transition.
These are rather similar to the PL spectra in solution.36 However, the high
L4P concentration results in reabsorption of the PL above 3.25 eV, hence the
0-1 transition dominates the emission spectra. Notably, a spectrally broad,
blue-green emission becomes prominent at increasing concentration.

Figure 28: Energy transfer from L4P to defects in L4P/PS layers on sapphire. (A) PL spectra
of 100 nm thick pristine films with increasing amount of L4P: 1 wt.% (blue),
10 wt.% (orange), and 20 wt.% (red, solid). Spectra are normalized to the 0-0
transition. PL spectrum of the 20 wt.% sample after partial photo-degradation
(red, dash-dotted). (B) Absorbance spectra of a pristine (solid, red) and a strongly
photo-aged film (dash-dotted, red, enlarged by a factor of 3 for better visibility). PLE
spectrum corresponding to the defect emission of a partially photo-aged film (solid,
purple; Edet=2.38 eV) all samples are acquire on the 20 wt.% sample. ”Partial” and

”strong” aging denotes Ti:Sapphire laser irradiation (Eexc=3.5 nm) under ambient
conditions for 15 min at 5 W/cm2 and 30 min at 50 W/cm2, respectively.

Laser irradiation of L4P/PS layers leads to a severe reduction of the UV emis-
sion and an increase of the blue-green PL component as illustrated exemplary
for a photo-degraded layer with 20 wt.% L4P (red dash-dotted line in Fig. 28).
The increase observed in the low-energy emission upon photo-degradation
makes it unlikely to originate from aggregates. Because of the beneficial effect
of DABCO showed before, the photo-oxidation process was assigned to be at
least partially singlet-oxygen based. These conclusions are substantiated by
studying the absorption of the layers (Fig. 28B). While the absorption of the
pristine layer is that of L4P, the irradiated film exhibits a reduced and nearly
featureless spectrum, which extends to energies below the L4P absorption
onset at 3.25 eV. Again, this behaviour closely resembles that in solution: there,
direct excitation of photo-created defects via the low-energy absorption tail is
demonstrated (see Fig. 28B), leading to the exclusion of excimers as the main
source of the blue-green PL.
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PLE and time-resolved PL spectroscopy are used to prove Förster-type
energy transfer takes place from L4P to the L4P-deg defects. With PLE, the
defect emission at EPL=2.38 eV of a partially aged layer of type C is monitored
as a function of excitation energy. The resulting spectrum (Fig. 28, purple
curve) is an envelope to the absorption spectra of the defects and of L4P,
demonstrating that the defects can be excited either directly or indirectly via
the L4P.

Dynamic of ET between L4P and L4P-deg was elucidated by time resolved
PL. The decay of the L4P emission in layer C (Fig. 29A, red line) is markedly
non-exponential and much faster than in layer A (Fig. 29A, blue line). Thus, an
additional decay channel with a time-dependent decay rate has to be present
here. Concerning the acceptor dynamics, a rise time is clearly observed in layer
C (Fig. 29B, red line) but not in layer A (blue line). This proves the existence
of a feeding process to the defect population in the first case.

Figure 29: PL decay of pristine films containing either 1 wt.% (blue, shifted for clarity) or
20 wt.% (red) of L4P. (A) PL of L4P (EPL=3.28) and (B) defect PL (EPL=2.38eV).
Black curves are fitting results using a Förster type energy transfer model (for
details, see text) convoluted with the instrument response function (IRF, grey
lines).

A Förster-type model that takes into account energy transfer from L4P donors
to statistically distributed defect acceptors is readily employed to describe
the dynamics in layer C. Accordingly, the number of excited donors ND and
acceptors NA follow the rate equations:

ṄD = −kDND − kT(t)ND

ṄA = −kANA + kT(t)ND
(33)

Herein, kD and kA are the intrinsic donor and acceptor decay rates, respectively,
and kT(t)=β2

√
kD/t is the time-dependent energy transfer rate where the

prefatory β is proportional to the number of unexcited acceptors of density ρA
within a spherical volume V of Förster radius R0. With the initial conditions:

ND(0) = ND,0

NA(0) = NA,0
(34)
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for a δ-like excitation pulse, the solutions to Eq. 33 are given by

ND(t) = ND,0 exp−kDt exp−β
√

kDt

NA(t) = NA,0nA(t) + (kT ND ∗ nA)(t)
(35)

with ∗ being the convolution operator. The acceptor population NA(t) includes
both direct excitation nA(t)=exp−kAt and excitation via energy transfer kT 6= 0.
The model functions Eq. 35 are convoluted by the system’s instrument re-
sponse function (IRF) (Fig. 29A and B, grey curves) before fitting. As indicated
by the black lines both the donor and acceptor decay curves are consistently
described by one set of fitting parameters, namely kD=(1.52 nm)−1, β=3.82,
kA=(0.56 ns)−1, α=NA,0/ND,0=0.12. Efficient energy transfer is evidenced by
β > 2 which implies that kT(t) > kD up to t > k−1

D , that is, energy transfer
dominates the total donor decay up to times that are larger than the intrinsic
decay time.
Being aware of the limitations for such a model, as the assumed single expo-
nential intrinsic donor and acceptor decays or the neglect of energy diffusion
between donors, the obtained fitting parameters are not discussed in further
detail. Finally, it is remarked that the observation of energy transfer from L4P
molecules to photochemically created defects is not restricted to solid films,
but equally applies to highly concentrated solutions as already predicted in
other studies.84
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4.7 conclusions

It was shown that ladder-type L4P dispersed in solution as well as in a solid
matrix degrade upon UV irradiation. The major source for such decomposition
was attributed to singlet oxygen, as the addiction of a DABCO, a singlet-oxygen
quencher, significantly slows down the degradation speed.
It was also proven that the photo-degradation mechanism commonly proposed
in literature is not valid for L4P, as specifically synthesized structures such as
L4P-O and L4P-O2 exhibit different optical properties of a photo-degraded
solution.
Based UPLC-MS analysis, it was deduced that upon UV irradiation of L4P a
formylation reaction occurs, that gives rise to various green-yellow emitting
mono-formylated regioisomers denoted as L4P-deg.1 The possible phtochem-
ical reaction is reported in Fig. 30.

Figure 30: Photochemical degradation of L4P in Chloroform (labelled as L4P-deg) identified
by mass spectroscopy methods. For more information see1 .

It was also proven that for sufficiently small intermolecular distances, as the
case of a few nanometers thick polymer/L4P layers, the L4P-deg species are
efficiently excited via energy transfer from the pristine L4P.
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4.8 spiro-modified lopps

Taking over from previous results, L4P was chemically modified to improve
its stability without losing its optical peculiarities. One way to affect the
sensitivity towards degradation is the substitution pattern. It was shown for
polyfluorenes, as well as for LPPPs, that aromatic bridge substitution gives the
most inert structures.33, 34 In the case of LPPPs the most common motif for
aromatic bridge substituents is the spirobifluorene.32

Since aromatic substitution leads to enhanced photochemical stability mo-
lecules with subsequent increments of the spiro groups number were synthes-
ized. Introduction of spirobifluorene units may affect the thin film morphology,
since spiro-groups presence should modify the intermolecular interaction.
Thus solid state packing and film-forming properties can thus be adjusted.
Some spiro-modified L4P derivatives are shown in Fig. 31. Upon adding more
spirobifluorene moieties in the bridges of L4P, the optical properties do not
change dramatically. The spectra of L4P, L4P-SP2, and L4P-SP3 exhibit nearly
the same shape with two main maxima due to vibronic progression in the
absorption and emission. The Stokes-shift is small (around 40 meV) and the
fluorescence quantum yield of all only-hydrocarbon derivatives is close to
unity. However, with every additional spiro unit, absorption and emission are
shifted bathochromically by about 2 nm.
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Figure 31: Optical and structural properties of different LOPPs molecules. Top panel: L4P/PS
layer absorption and emission spectra. Second panel: L4P-SP2 4 nm evaporated
layer spectra, the chemical structure is shown left to the graph, the inset AFM
picture show the 2D structure of the layer. Third panel: Spectra for a 4 nm
L4P-SP3 layer, chemical structure of the molecule is also present. Bottom panel:
iso-L4P-SP2 spectra,and its chemical structure, this molecules will be discussed in
the conclusion chapter. Solid lines, ZnO emission position at LT (red dotted line)
and at RT (blue dotted line). Spectra were acquire upon excitation at 4.2 eV by a
Xenon lamp.
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l4p-sp2 and l4p-sp3

L4P-SP2 was successfully used for strong coupling with ZnO:90 the double
spiro modification increase the photo-stability of the molecules but AFM pic-
tures of OMBD samples still show the undesired 2D structure when grown on
sapphire (picture not shown).
L4P-SP3 is the molecule selected for further energy transfer experiments. Des-
pite having slightly red-shifted energies, it possesses the best spectral overlap
with the RT ZnO emission (3.3 eV, blue dotted line Fig. 31) and shows the best
photo-stability.
Fig. 32 compares the degradation for L4P, L4P-SP2 and L4P-SP3 molecular
layers under comparable excitation conditions.

Figure 32: Photo-stability of Spiro derivatives: integrated emission of L4P/PS 3 nm spincasted
layer (black squares), 3 nm L4P-SP2 (red dots) and L4P-SP3 (blue triangles)
OMBD layers respectively. All layers are grown on sapphire. Consecutive PL
spectra were acquired under the same ambient conditions with an excitation of
approx. 30 W/cm2 with Eexc=3.5 eV. The integration was performed only on the
first vibronic line of the emission spectrum to exclude the green-emission formation
that accompany L4P degradation.

L4P (black squares) is the fastest specie to decompose under UV light, as its
emission halves in 30 s. L4P-SP2 (red dots) initially degrades at the same speed
of L4P, but the degradation slows for longer times. L4P-SP3 (blue triangles),
upon air and UV light exposure loses only 1/3 of the initial intensity within
the first 30 s, which is the standard measurements time.
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5

E N E R G Y T R A N S F E R I N
Z N O / L 4 P - S P 3
H Y B R I D S T R U C T U R E S

The following pages present energy transfer experiments between a ZnO
SQW and a blue emitting overlayer of triple-spiro substituted ladder-type
oligo(p-phenylene) (L4P-SP3). Results shown in this chapter are published
in.2, 3

5.1 motivation

The possibility of vacuum deposition in combination with the relatively high
quantum yield in solid state (approx. 50%), make L4P-SP3 an excellent candid-
ate for inorganic/organic hybrid structures. Due to its rigid backbone, L4P-SP3
exhibits a distinct vibronic progression with the dominant S0,=0-S1,=0 transition
practically in resonance with the room temperature photoluminescence band
of the QW (grey area Fig. 33).

Figure 33: Spectral overlap between a 3.5 nm ZnO QW emission measured at low and room
temperature (red lines) and the absorption spectrum of L4P-SP3 deposited on
sapphire (blue line). All spectra are normalized.

Unlike measurements presented in the previous chapter, here a thin amorph-
ous layer guarantees a distribution of molecular dipoles directly in contact
with the ZnO surface.
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5.2 experimental

Energy transfer in L4P-SP3/ZnO HIOS samples is evaluated applying the
same set of measurements as the previous chapter (Ch.4). To disentangle
different interaction and to focus only on the energy transfer, all experiments
are performed at cryogenic temperature. Luminescence and time resolved
measurements were carried upon laser excitation with photon energy Eexc=3.46
eV and a nominal excitation density of Iexc=5 W/cm2.

5.2.1 L4P-SP3 Layer Preparation and Characterization

Molecular layers were grown by OMBD at a base pressure of 10−8 mbar on
ZnO/ZnMgO heterostructures. The growth rate of the organic layers was mon-
itored by a quartz microbalance. Layers shown in this chapter were prepared
with a deposition rate of 0.3 nm/min.
Pristine L4P-SP3 layers were studied by atomic force microscopy (AFM) and
X-Ray-Reflectometry (XRR)91 to ensure the amorphous 2D growth. A repres-
entative AFM image is depicted in Fig. 34.

Figure 34: AFM picture of a approx. 5 nm layer of L4P-SP3 grown on ZnO substrate. The
height of the layer was deduced by scratching a portion of the sample (1µx1µm)
using the AFM in contact mode.

When deposited at room temperature on the Oxygen terminated (000-1) ZnO
surface, L4P-SP3 displays a two-dimensional Frank-van der Merwe growth.
The film thickness was measured by AFM in contact mode and applying
sufficient force to break up the film.
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The layer structure was evaluated by XRR measurements on a 20 nm thick
film of L4P-SP3, the resulting curve is shown in Fig 35.

Figure 35: XRR spectrum of L4P-SP3 during growth. The Kiessig oscillations at low qz con-
firm a smooth film morphology. The Bragg peak at qz=1.21 A−1 can be attributed
to parasitic radiation from ZnO.

The large number of pronounced Kiessig oscillations at low qz values confirm
a smooth film morphology. From the number of oscillations the film thickness
can be determined to 19.6 nm, in agreement with the targeted 20 nm. The only
Bragg peak at qz=1.21 A−1 corresponds to a lattice constant of 5.19 Å and can
be attributed to parasitic high energy radiation from ZnO.
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5.2.2 All-UHV Handling

Fig. 36 (A,B and C) shows the structural evolution of three 3 nm thick layers
deposited on identical ZnO substrates. When exposed to air, the L4P-SP3 films
dewett in hours.

Figure 36: Dewetting of L4P-SP3 thin films. (A) AFM picture measured in-situ 2 hours after
deposition and storage in UHV. (B) AFM recorded ex-situ after exposure to air for
2 days. (C) AFM recorded ex-situ after exposure to air for 4 days. All films were
grown at 300 K with a deposition rate of 0.3 nm/min

However, no changes in the film morphology were observed when keeping
the samples under vacuum or nitrogen atmosphere. For that reason, all hybrid
samples were prepared and stored always in UHV or nitrogen-only (glove-box)
atmosphere.

5.2.3 Sample Structure

The sample studied here is a 3.5 nm ZnO SQW embedded in a ZnMgO
barrier with a Mg content of 11%. Details on the ZnO epitaxy can be found
elsewhere.30 By using a shadow mask during growth, the sample is divided
into two areas: a half of the surface is left for reference measurements and the
other half of the surface is covered with 4 nm of L4P-SP3 and by 15 nm of
C40, a schematic drawn of the sample was depicted in in Fig.13 in Ch.3. The
L4P-SP3 lifetime derived from the PL decay transients with the tetracontane
spacer is τm=500 ps and agrees well with data for thick films on sapphire (data
not shown).
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5.3 results and discussion

5.3.1 Energy Transfer Measurements

PL spectra for the hybrid sample and for the pristine QW are reported in
Fig. 37A. Both sides of the sample exhibit bright QW emission at 3.37 eV. PL
spectra of the hybrid sample (black curve Fig. 37A) shows a barely detectable
emission from the molecules, clearly visible only after a 20 times magnification.
The quantum yield of L4P-SP3 is sufficiently high in solid state and cannot
serve as explanation. Consequently, there has to be an efficient pathway for
the loss of excitation energy at the ZnMgO/L4P-SP3 interface. This deposition
design allows to directly compare inorganic and hybrid QW emission. In this
case, the QW emission decreases after introducing the molecular overlayer,
suggesting that a part of the ZnO excitons are transferred to the molecules.

Figure 37: Energy transfer in L4P-SP3/ZnO hybrid structures: (A) PL spectrum of the hybrid
sample, luminescence generated by the L4P-SP3 is magnified by 20 times for better
visibility. In these spectra Eexc=3.46 eV. (B) PLE spectra for the hybrid structure:
spectrum detected on the ZnO emission (Edet=3.35 eV, red line) and spectrum
detected on the L4P-SP3 emission in the hybrid sample (Edet=3.2 eV, black line).
The green curve is the result of subtracting the blue curve from the black curve.

PLE spectroscopy measurements support the excitonic transfer. Fig. 37 shows
normalized excitation spectra recorded at low temperature. The excitation
curve measured on the QW emission (Edet=3.352 eV, red curve) displays the
exciton ground and excited-state absorption features, at 3.4 and 3.45 eV respect-
ively, and the ZnMgO band edge (Eexc > 3.55 eV). Feeding of the barrier in
the QW absorption indicates efficient capture of carriers by the QW. Detecting
on the light emitted by the molecules (Edet=3.12 eV, black curve), the 0-0 and
0-1 transitions of the L4P-SP3 are visible at 3.27 and 3.45 eV, respectively. In
addition to that, the ZnMgO absorption edge is visible for higher excitation
energies, demonstrating unambiguously the exciton transfer from the ZnO
QW to the L4P-SP3 layer.
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The transfer time and the transfer efficiency are extracted from time-resolved
spectroscopy. Focusing on the QW dynamics, decay transients are shown in Fig.
38. In absence of the L4P-SP3 layer, the QW decays is in good approximation
single-exponentially with a time constant of τQW=200 ps (red curve). When in
contact with L4P-SP3, the QW decay time shortens to τH

QW=56 ps (blue curve).

Figure 38: Energy transfer in a L4P-SP3/ZnO/ZnMgO HIOS: PL transients of the ZnO QW
in the uncapped (red curve) and hybrid part (blue curve) of the HIOS. Black solid
lines are fits to the data obtained by convolution of a single-exponential decay law
with the system response function (IRF) shown in grey. For these measurements,
T=4 K, Eexc=3.46 eV and the excitation density was Iexc=5 W/cm2.

Quenching of the QW lifetime confirms the presence of an additional non-
radiative decay channel. The system can be described using the same model
used previously (Eq. 27). The corresponding transfer rate, τET, and ηET ob-
tained with formulas (Eq. 31 and Eq. 32) are 77 ps and 72% respectively. Thus,
about three out of four excitons photo-generated in the QW are transferred to
the organic overlayer.
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above barrier excitation

Another efficient strategy to prove the ET mechanism between the QW and
L4P-SP3 is obtainable by exciting the sample above the ZnMgO band edge.
Fig. 39 shows the PL transient for the ZnMgO barrier, the ZnO QW and the
L4P-SP3 overlayer respectively.

Figure 39: L4P-SP3/ZnO Above ZnMgO barrier excitation: time trace for the ZnMgO
(Edet=3. eV, red line), ZnO emission (Edet=3.37 eV, blue line) and L4P-SP3
(Edet=3.22 eV, green line). All spectra were acquired at T=4 K with Eexc=3.55 eV
and Iexc=5 W/cm2.

For this excitation energy, an exponential fitting show the long-life component
of the ZnMgO barrier in both the QW and the molecular time transient. In all
three cases, the long decay component can be fitted (solid black lines) with the
same time constant τ2 ≈ 7 ns.

η̇ZnMgO = gZnMgO(t)−
(

1
τZnMgO

+
1

τET

)
ηZnMgO

η̇QW = gQW(t)−
(

1
τQW

+
1

τET

)
ηQW

η̇L4P−SP3 = gL4P−SP3(t) +
1

τET
ηQW −

1
τL4P−SP3

ηL4P−SP3

(36)

These measurements can be considered another prove-of-concept experiment
for the transfer mechanism, as the carrier feeding from the ZnMgO barrier can
be observed for the L4P-SP3 time trace.
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5.3.2 Level Alignment at the Interface

UPS measurements can give valuable insights regarding the least molecular
luminescence shown before (Fig. 37A). A more detailed discussion about
UPS/XPS measurements is can be found in a following chapter (Ch.7) and
in.92 Nevertheless, the energy level alignment is of type-II and is depicted in
Fig. 40.

Figure 40: Energy level diagrams for L4P-SP3 on the O-terminated ZnO(000-1). Back
transfer of electrons from the L4P-SP3 to the ZnO QW. The energy offset between
the CB and the LUMO is of 1.2 eV. Energy values are referenced to the Fermi level
and in eV.

The energy offset between the valence band maximum of ZnO and the L4P-SP3
HOMO deduced from the binding energy onsets amounts to 1.2 eV. Conduction
band minimum and LUMO are estimated by adding the exciton binding
energies (60 meV for ZnO and 450 meV for L4P-SP393) to the optical band
gaps (3.3 eV for ZnO and 3.25 eV for L4P-SP3) determined from the respective
absorption spectra.
The Type II alignment, detrimental when targeting light-emitting applications,
likely holds for many other conventional inorganic semiconductors as well.23, 29

Indeed, it was shown in previous work that the photoluminescence of a
spirobifluorenene derivative is substantially quenched when in contact with
ZnO due to interfacial exciton dissociation.31

In the above energy transfer study in L4P-SP3/ZnO hybrid structures, the ZnO
QW collects the optically excited electron-hole pairs before they can reach the
interface so that exciton coupling becomes predominant. Once the excitons
are transferred to the organic layer, they are rapidly quenched due to charge
separation at the ZnMgO/L4P-SP3 interface and thus the overall luminescence
yield of HIOS is very low.
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Time-resolved measurements on the L4P-SP3 emission fully confirms the
charge separation process and is shown in Fig. 41.

Figure 41: Charge separation at the hybrid interface. L4P-SP3 time traces for a reference
sample (blue curve, 20 nm film on Sapphire) and for the hybrid sample (red curve).
The excitation energy is set below the absorption edge of ZnO at Eexc=3.35 eV. The
Frenkel exciton decay is deduced from the experimental data by deconvolution with
the system response. Solid black lines represent respective data fits.

The molecular decay time for a reference layer is about τM=500 ps, but when
deposited on ZnO, it shortens to τh

M=95 ps. The 95 ps overall decay can thus
be taken as an upper limit for the characteristic time of the charge separation
process defined as:

τCT =

(
1

τH
m
− 1

τm

)−1

(37)

and:

ηCT =
τH

m
τCT

(38)

the results are τCT=65 ps and ηCT=0.9 respectively. 9 out of 10 excitons gener-
ated (directly or indirectly) in L4P-SP3 are not converted into emitted light.
This type of hybrid structure is thus unsuited for light-emitting applications.
As a consequence, a large fraction of the excitation energy is not converted
into light. To be of use in light-emitting applications, exciton dissociation at
the hybrid interface must be prevented.
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5.3.3 Temperature Dependence

The transfer mechanism was investigated from cryogenic up to room temper-
ature. Fig. 42 reports decay time constants for pristine QW reference (black
line and dots) and QW with overlayer (red line and dots) over a wide range of
temperatures.
Decay times have been extracted after IRF deconvolution and single exponen-
tial fitting (curves not shown).

Figure 42: (A) Photoluminescence decay time for the QW reference (red line) and with L4P-
SP3 overlayer (black line) at different temperatures. The showed decay times are
calculated according to the model described previously. In all cases Eexc=3.46
eV. (B) Transfer rates (red points) and efficiencies (black points) evaluated for the
measured temperatures.

Decay time of the QW in contact with L4P-SP3 is faster than in the reference
sample for all measured temperatures suggesting the persistence of the ET
mechanism. Using the equations previously discussed (Eq. 31, 32), ET rates
1/τET and efficiencies ηET were extracted: results are reported in Fig. 42B.

τET exhibits two regions of distinct behaviour. From 4 to 110 K, the rate
slowly increases with temperature and, above that, it significantly decreases.
The transfer time τET measured of RT is approx. 340 ps. Directly correlated
to τET, the efficiency also shows two different phases as shown in Fig. 42B:
between 4 to 110 K, ηET can be considered constant as the slight increase from
76 to 82% is below the error bar for these measurements. At higher tempera-
tures (T> 110 K), ηET decreases, setting at a value of 32% at RT. The highest
measured efficiency corresponds to the transfer rate peak around 130 K. A
similar thermal behaviour was already reported for several hybrid samples.
Between 50 and 110 K, the QW decay time for the hybrid sample τH

QW corres-
ponds to the time resolution of the experimental setup (35 ps). In these cases,
the real τH

QW are possibly shorter than values here reported, but the setup can’t
resolve it. Taking this into account, the ηET extracted are an underestimation
of the real values.
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temperature dependence of energy transfer

The system temperature can affect the energy transfer rate through:

• Possible variations of the spectral overlap between the QW emission and
the molecular absorption.

• Variations of the QW transition dipole moments and thus radiative decay
time (τrad).

These two steps are better treated separately.

Overlap Factor Changes

Spiro substitutions of L4P lead both to better photo-stability and amorph-
ous grown but also to a significant red-shift of its optical properties. The latter
shift has two main consequences: on one side, the LT overlap factor with the
QW emission is limited (Fig. 33) but on the other side, the overlap factor will
increase dramatically with rising temperature.
Recalling the definition for transfer time from previous chapter (Eq. 14):

kF
ET =

k29c4

8πτDn4
0R6

(∫ FD(ω)σA(ω)

ω4 dω

)
(39)

the formula can be restructured supposing that most of the system constants
are not affected by the temperature increases, leading to:

1
τF

ET
= α

∫ FD(ω)σA(ω)

ω4 dω

where α collects all the above constant. The factors FD(ω) and σA(ω) can be
experimentally measured (curves not shown). The temperature behaviour
of τET can be roughly estimated by the changes of the overlap integral as a
function of temperature. Integrals for the curves overlap, normalized on the 4
K value, are reported in Fig. 43A,B.

The overlap integral increases 3.5 times respect to the 4 K value. This result
is in clear contradiction with the behaviour of transfer efficiencies previously
evaluated, and thus cannot justify those results (Fig. 42).
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Figure 43: Change of the spectral overlap: (A) Overlap spectrum between the QW emission at
5 K (top graph) and at 250 K (bottom graph) and L4P-SP3 absorption measured
on sapphire (blue line). (B) Integrated overlap curve for several temperatures, all
values were normalized on the 4 K result.

QW Excitonic Properties

Energy transfer results from a direct coupling between the two different
classes of excitons, and it’s therefore sensitive to variation in the excitonic
properties of both species.
Förster’s model60 considers Frenkel excitons bound to individual molecules
and is temperature independent. In contrast, for inorganic semiconductors
the electronic excitations are propagating Wannier-Mott excitons. For QWs
studied in this thesis, only one emission peak is observed at all temperatures.
Nevertheless many effects are contributing to the steady luminescence signal.
As pointed out in previous studies,7, 94–96 the radiative recombination in alloys
is strongly temperature dependent: at low temperatures, excitons are localized
at potential fluctuations, as they represents energetically lower state, while
for increasing temperatures the excitons ionize from the impurities and be-
come free. Measuring what type of exciton is steaming the luminescence is
extremely important to understand the transfer rate previously described, as
the different excitons (localized and free) will experience different coupling
with the molecular excitons.
Fig. 44 reports a logarithmic/logarithmic plot for the QW external quantum
efficiency from cryogenic to room temperature, the colored solid lines are
fitting curves resulting from two models to describe the population of states
for localized and free excitons respectively.
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Figure 44: Emission intensity from the ZnO QW: solid lines are obtained with Eq. 40 for the
localized (orange) and Eq. 41 for the free excitons (blue) respectively. Note the
logarithmic 1000/T-scale.
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Fig. 44 clarifies the balance between localized and free excitons at different
temperatures. For temperatures below 110 K (dashed line), the QW lumines-
cence is driven by localized excitons (orange line), in this case, initial increase
of τET can be attributed to the overlap factor increment discussed in the previ-
ous section. Above 110 K, free excitons dominate QW luminescence and thus
the energy transfer.
Transfer rate decreases at higher temperatures (110-300 K) can thus be attrib-
uted to the free excitons wave vector enlarging, unable to efficient dipolar
coupling. A similar behavior was already observed for AlGaN/GaN QWs
based hybrid structures.64, 65

The fitting function for localized excitons (orange curve Fig. 44) ILoc(T), ac-
cording to97–99 is:

ILoc(T) =
[

1 + exp
(
− E1

KBT

)]−1

(40)

being C1 the ratio of degeneracies of the involved level. The above formula
supposes that the localized excitons start to delocalize with a single activation
energy E1.

The free exciton channel (blue line Fig. 44) is modeled as:96

IFree(T) = (1− ILoc(T))
[

1 +
τrad
τnrad

]−1

(41)

τrad and τnrad are the radiative and non-radiative free exciton lifetime respect-
ively, both of them are found to increase with temperature. Thermally activated
non-radiative recombination channels modify τnr as:

τnrad(T) = τnr,0 ∗ exp
(
− Ea

KBT

)
(42)

where Ea is the process activation energy. The above equation supposes that
τnrad is initially constant at low temperature, as the temperature increases and
excitons start to delocalize, τnrad starts to decrease as the now free excitons
encounter more non-radiative channels.
The radiative QW rate τrad was also found to grow as Tm with m > 1.96, 100, 101

One should note that due to momentum conservation, only excitons with small
center-of-mass motion K-vector can recombine radiatively. This is typically
accounted in the radiative lifetime, implicitly assuming that excitons from
higher states scatter into the empty states after recombination. In this work,
τrad is modeled as:

τrad(T) = τrad,0

[
1 +

(
T
T0

)m]
(43)
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with τrad,0 the low temperature value, and T0 and m chosen empirically to fit
the data.96, 101 Temperature behaviour of the radiative decay time (τrad(T)) can
be extracted by optical spectroscopy using the formula:

τrad(T)
τrad(4K)

=
τQW(T)

τQW(4K)
∗

ηQW(4K)
ηQW(T)

(44)

The latter equation correlates the temperature changes in the external well QY
with the measured decay time τQW . Results are shown in Fig. 45.

Figure 45: Radiative time increase for a ZnO QW: the squares represent experimental data
obtained from Eq. 44. The solid curve represents fit using Eq. 43, for such sample,
the fitting parameters are T0=65 ps and m=1.24.

In the fitting curve, T0 is found to be around 65 K and m takes a value of 1.24.
It is worth mentioning here that a similar behaviour was obtained for several
other samples with different cap thicknesses and Mg concentrations.
Finally, the fitting parameters can be given in details: Eq. 43 and 42 are substi-
tuted into the above formulas Eq. 41 and Eq. 40. A reasonably good fit for ILoc
is achieved using the parameters C1=20 meV, E1=10 meV. The IFree function
use the constants τrad of 200 ps and τnr,0=7 ps and Ea=5 meV. The values of T0
and m are obtained from the fit shown in Fig. 45.
All parameters have values of reasonable size. However, given the fairly un-
structured dependence, these many parameters cannot be determined with
great confidence. This thesis does not attempt to model in more detail the QW
luminescence behavior, as the conversion from localized to free excitons was
fairly demonstrated.
Finally, after observing the transition from localized to free excitons it is pos-
sible to explain the previous energy transfer results (Fig. ). For temperatures
between 4 and 110 K, the population of localized excitons decreases exponen-
tially (Fig. ) while their radiative decay time increases linearly (Fig. ), these
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two factors explain the initial increases of the transfer rate (Fig. B): excitons
experience a higher mobility and a longer decay time, enhancing the changes
of interactions with molecular excitons. Above 130K, free excitons start to
dominate the ET, and the transfer rates (and efficiencies) start to decrease,
as the wave-vector of free excitons becomes too large for efficient dipolar
coupling.
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5.4 conclusions

In summary, this chapter studied resonance energy transfer from QW excitons
to an overlayer of custom synthesized L4P-SP3. The newly triple-spiro-ladder-
quaterphenyl (L4P-SP3) is a molecule well suited for efficient energy transfer
as the introduction of spiro groups enables to evaporate stable amorphous
films to be used in combination with a 2D ZnO heterostructures.
Non-radiative energy transfer was proven with a combination of photolumin-
escence excitation and time-resolved spectroscopy. Despite the energy red-shift
of the 0-0 vibronic lines in respect with its L4P progenitor, new samples show
efficiency of approx. 67% within a transfer time of approx. 60 ps.
A further proof of concept regarding the transfer mechanism was obtained by
exciting the samples above the ZnMgO barrier band edge (Eexc=3.55 eV). For
these excitation conditions, the long decay of the barrier was observed also in
the decay curve measured on the QW and on the molecular emission.

Raising the temperature, the transfer efficiency decreases to 32% at room
temperature. The temperature dependence of energy transfer can be influenced
by possible variations of the spectral overlap and changes of the intrinsic
properties of the QW excitons such as the dipole moments.
Matlab simulations enabled to exclude the spectral overlap as the main cause of
the transfer rate behavior. It was demonstrated that the overlap factor increases
of 3.5 times with increasing temperature, as the QW emission shifts towards
lower energies. Observed result were interpreted in the context of the radiative
properties of QW excitons as localised and free excitons show different energy
transfer dynamics. In the samples under investigation the potential landscape
experienced by excitons features a considerable density of traps that localize the
electron-hole pairs at temperatures below approx. 110 K. Experiments showed
that while the radiative decay rate intrinsically decreases with increasing
temperature, non-radiative recombination is thermally activated resulting
generally in low PL yields of inorganic semiconductor QW structures at room
temperature.

Upon transfer experiments, charge separation at the organic/inorganic
interface was found as the main obstacle for the molecular emission. In the
actual configuration, an excited L4P-SP3 molecule transfers an electron to
the ZnO conduction band resulting in quenching of the molecular emission.
Time-resolved PL data show that the efficiency of the process can reach 90%.
Thus 9 out of 10 excitons generated via ET in the organic layer do not decay
radiatively. To overcome this intrinsic obstacle and for achieving HIOS with
high luminescence yields, strategies have to be worked out for engineering the
hybrid interface.
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6

C A S C A D E T R A N S F E R :
FA S T E R T H A N Q U E N C H I N G

This chapter presents a strategy to recover the molecular luminescence dis-
cussed in the previous chapter. Without modification of the hybrid design
previously studied, the excitation energy is funnelled away from the hybrid
interface by a secondary transfer step within the organic component, before
interfacial exciton dissociation can take place. Parts of this chapter are based
on the publications.2, 36

6.1 motivation

In the previous chapter, efficient ET was demonstrated for the hybrid design
consisting of ZnO/L4P-SP3. Unfortunately, despite the nominal transfer effi-
ciency above 80 %, the total QY of the hybrid sample was found to be extremely
small. The bottleneck for least luminescence was found to be the level align-
ment of the hybrid interface: in fact, previous experiments demonstrated that
the molecular overlayer excitons are easily and effectively dissociated, dark-
ening the samples. One can understand the dramatic effect of such interface
as follow: in a series of process, in which each step-product is the reagent of
following step, the total yield is defined as the product of each step efficiency
as:

ηtot = ∏
i

ηi

This concept can also be applied to the complete FRET process in HIOS. In
this case the total yield of the molecule in a HIOS system, in absence of direct
excitation, is defined as:

ηL4P−SP3,H = ηET ∗ ηL4P−SP3

The molecular QY (ηL4P−SP3), is defined as 1-ηInter f ace, so the more efficiently
excitons are quenched, the less light is emitted. For such hybrid design,
ηInter f ace was measured to be approx. 90 %.2, 3

Tuning the energy levels into a type-I alignment, by increasing the electron
affinity of the molecules by chemical modification is difficult, as the energy off-
sets are very large.102, 103 Note that also the use of molecules with substantially
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smaller HOMO-LUMO gaps will not completely circumvent the problem of
competing charge separation. Experiments performed with the red-absorbing
polymerpoly((9,9-dioctylfluorene) 2,7-diyl-alt-[4,7-bis(3-hexylthien-5-yl)-2,1, 3-
benzothiadiazole]-20, 200-diyl),104 showed a substantial decrease of the PL
lifetime (from 1.1 ns to 315 ps) when deposited on ZnO.
To disable or at least limit the hybrid interface effect, a simple solution would
be to introduce a wide band-gap interlayer to block electron (or holes) flow.
Unfortunately, such solution is not a suitable approach for this system, as the
ET rate strongly depend of the distance.17, 63

This chapter presents a different strategy based on a fast and highly efficient
ET cascade: following the primary transfer step starting at the ZnO QW, the
excitation energy is funnelled away from the hybrid interface by a secondary
energy transfer step within the organic HIOS part before interfacial exciton
dissociation can take place.

Figure 46: Draft of the energy level alignment for a cascade sample: following the first energy
transfer mechanism, another transfer step funnels the excitation towards Mol-2,
away from the hybrid ZnO/L4P-SP3 interface.

In this case, the new ET efficiency ηET2 and the new molecule QY will be
introduced in the above formula. Supposing that all excitation gets transferred
between to the second molecules, these two factors will replace ηL4P−SP3. The
total yield becomes:

ηH = ηET ∗ ηET2 ∗ ηMol−2

It must be stressed that, introduction of these two additional factors could lead
to a lower total efficiency, unless both ηET2 and ηMol−2 are close to unity. A
proper second acceptor, must be chosen carefully so that ηMol−2 in solid state
is as high as possible (ηL4P−SP3 = 50%) and that the second transfer step ηET2
reaches unity in the hybrid design considered, within a time shorter than the
charges dissociation time. Supposing thus an accurate molecular choice, the
limited luminescence efficiency of the primary molecule ηL4P−SP3 (in this case
0.1) is substituted by a much efficient double step process.
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L6P: the cascade acceptor

As secondary acceptor and ET partner for L4P-SP3, a longer chain LOPP,
namely ladder-type sexiphenyl (L6P) is selected (Fig. 47A). The ladder oli-
gomer L6P, as for other LOPPs, can successively vacuum-deposited without
undergoing thermal decomposition.36

Figure 47: Cascade acceptor: (A) Chemical structure of L6P.33 (B) Spectral overlap between
the absorption spectrum of L6P dispersed in PS (green) with the emission spectra
of L4P-SP3 (blue) and the ZnO QW (red). The inset shows the structure of L6P.

The more extended π-electron system of L6P shifts its S0→S1 absorption in
resonance with the L4P-SP3 emission, as shown in Fig. 47B. L6P has also some
spectral overlap with the ZnO emission so that direct energy transfer from the
QW to L6P is also possible.
The intermolecular coupling was maximized incorporating a small quantity of
L6P into a L4P-SP3 layer by a co-evaporation method. A L6P fraction of 10% is
low enough for avoiding phase separation, but still grantee high ET rates. The
different mixing ratio was obtained by simultaneously evaporating the two
molecules at different deposition rate (3 nm/min for L4P-SP3 and 0.3 nm/min
for L6P). An AFM picture of the blend overlayer of sapphire is shown always
in Fig. 47. A 3.5 nm layer of a L4P-SP3/L6P blend is grown on the chosen
substrate.
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6.2 results and discussion

6.2.1 L4P-SP3-L6P Intermolecular Energy Transfer

First, pure intermolecular ET is elucidated within the organic layer on an inert
sapphire substrate. Energy transfer is demonstrated with a combination of
PL, PL(t) and excitation spectroscopy. The PL spectrum of the blend sample is
reported in Fig. 48A, the excitation wavelength is set to 3.41 eV. Such energy
is in resonance with S1,ν=0 vibronic line of the L4P-SP3 and guarantees a
negligible direct excitation of the L6P.

Figure 48: ET in a L4P-SP3:L6P blend. (A) PL spectrum of a L4P-SP3:L6P blend evaporated
on sapphire, Eexc=3.41 eV. Inset: PLE spectrum of the same blend recorded at
the S1,ν=0 → S0,ν=1 PL transition of L6P (Edet=2.755 eV). (B) PL transients of
L4P-SP3 in the blend (black curve) and in a reference sample (red curve). The
excitation photon energy is Eexc=3.41 eV and T=5 K for all measurements.

The blend PL is indeed dominated by the L6P emission, while the signal from
L4P-SP3 is almost entirely quenched in presence of the acceptor molecules. PLE
data corroborate highly efficient ET within the organic blend: the spectrum
recorded at the vibronic S1,ν=0 → S0,ν=1 PL feature of L6P (Edet=2.775 eV)
reproduces exactly the absorption spectrum of L4P-SP3 (inset Fig. 48A), and
the direct excitation component of the luminescence is barely visible in the
lower energy part of the spectrum. PL time traces for the blend are showed
in Fig. 48B. The PL decay of L4P-SP3 in the blend can hardly be resolved by
the photon counting device, providing an estimate of the time constant of the
organic-organic ET τET < 30 ps at the present L4P-SP3/L6P mixing ratio. For
such transfer time, a lower estimate of the efficiency is ηET > 0.9. The decay
time observed for L6P (curve not shown) is τL6P approx. 440 ps. High efficient
energy transfer between the two molecules is thus demonstrated in a blend
thin layer deposited on an inert substrate. The measured transfer time of 30 ps
is obviously an upper estimation of the real transfer time, since it resembles
the temporal resolution of the setup.
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6.2.2 Cascade ET in a Hybrid Sample

Competition between the ET cascade and interfacial exciton dissociation is
studied in a HIOS sample reported in the inset of Fig. 49. To avoid interaction
between L6P and substrate, which in case of hybrid samples will be ZnO, a
0.5 nm thick interlayer of pure L4P-SP3 is introduced. To directly compare
the benefits of the cascade process compared to the single step ET, 1/4 of the
sample is covered with 4 nm of pure L4P-SP3 layer. The pump photons energy
was chosen to be Eexc=3.46 eV, ensuring negligible direct excitation of L6P.

Figure 49: Cascade ET in a L6P:L4P-SP3/ZnO/ZnMgO HIOS: PL spectra for all three areas
of the sample. Emission of the reference QW (red curve) and for the hybrid sample
(black curve), L4P-SP3 emission is magnified by a factor of 10 for better visibility.
The blue curve is the spectrum acquired on the cascade hybrid sample. All spectra
were acquired at T=5 K with an Eexc=3.46 eV. Inset: sketch of the cascade sample.

Luminescence from the QW reference section (red line) decreases in presence
of the L4P-SP3 layer (black curve), however, the molecular overlayer is barely
emitting and is visible only after a 10 times magnification. These results are
consistent with experiments presented in the previous chapter. Introduction of
L6P (blue curve) changes this picture: the QW luminescence is further reduced
by the second acceptor. In this case, a bright L6P luminescence dominates the
spectrum, especially considering the extremely low concentration of the latter
(10% of a 4 nm layer).
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PLE experiments were performed on the blend. Excitation spectrum of
the QW (red curve Fig. 50) displays the exciton ground and excited-state
absorption features and the ZnMgO band edge (Eexc > 3.57 eV).

Figure 50: Energy transfer in the cascade sample: spectrum detected on the ZnO emission
(Edet=3.35 eV, red line) and spectrum detected on the L6P emission in the cascade
sample (Edet=2.95 eV, black line). The blue dotted line is a PLE spectrum of
L4P-SP3 evaporated on sapphire.

Scanning the excitation wavelength on the L6P emission at 2.95 eV (black curve
Fig. 50), the 0-0 vibronic line of L4P-SP3 is clearly visible at 3.27 eV, implying
that the emission from L6P mainly originates from the donor molecule. In
addition, direct contribution from the QW absorption can be seen, at 3.41, 3.47
and 3.53 eV respectively. Examining the spectrum at high energy (Edet > 3.55
eV) the barrier absorption feature also appear in the molecular spectrum.
Finally, in the low energy part of the picture, direct excitation from the L6P
can be seen at 3.17 eV, the small intensity of direct excitation confirm that L6P
is almost entirely excited from energy transfer.
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cascade transfer dynamics

The non-radiative nature of the ZnO-L4P-SP3 energy transfer was already
demonstrated and shown previously (Chapter 5). Nevertheless, comparison
between the QW decay time τQW in presence or without the L6P should
provide additional informations about any favourable effects. QW PL tran-
sients in the reference, hybrid and cascade HIOS are depicted in Fig. 51A.
All time traces decay single exponentially, while the reference sample (red
curve) has a time constant of τQW=200 ps, such time shortens to τH

QW=58 ps
in presence of L4P-SP3 (green curve), a further shortening of the decay time
is visible in presence of the blend (blue curve, 41 ps). The further shortening
of the decay in presence of L6P confirm direct transfer from the QW. Using
formulas previously discussed (Eq.31 and Eq.32), transfer time and efficiency
for the cascade sample are respectively τET=65 ps and ηET=77%.

Figure 51: ET in a L6P:L4P-SP3/ZnO HIOS. (A) PL transients of the ZnO QW in the
reference (red curve), hybrid (green curve) and cascade (blue curve) part of the
HIOS. The solid black lines are single-exponential fits obtained by convolution
with the instrument response function (IRF) shown in grey. (B) PL transients of
L4P-SP3in the hybrid (red curve) and in the cascade (orange curve) sample; PL
transient of the L6P in the cascade sample is also reported (blue curve). The data
fits are performed as in (A). The excitation photon energy is Eexc=3.46 eV and T=5
K.

These findings indicate that the first step of the cascade is not flawed by the
blend, but actually enhanced. The donor role of L4P-SP3 in the next cas-
cade step is verified by a further shortening of its decay time (red curve Fig.
51B), from 95 ps to approximately 41 ps (orange curve Fig. 51B) and close
to the 30 ps time resolution. Besides, in marked contrast to L4P-SP3 in the
single-stepped ET, the PL decay time of L6P in the HIOS (dark blue curve τL6P
approx. 410 ps) is nearly identical to that of the blend on an inert substrate.
These observations imply that the excitation energy is effectively and efficiently
funnelled away from the quenching effects of the ZnO surface.
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blend layers on zno

Unfortunately, the decay time of L4P-SP3 in the non-blend part of the sample
is already too short to estimate the intermolecular ET with the formula already
used. Nevertheless ηH

M can be estimated by the quenching of the molecular
emission in the presence of L6P acceptor, commonly defined as:8, 9

ηL4P−SP3→L6P = 1− FDA

FD

where FDA is the integrated fluorescence intensity of the donor (L4P-SP3) in
presence of the acceptor (L6P) and FD is the integrated fluorescence intensity of
L4P-SP3 alone. By measuring the L4P-SP3 luminescence intensity change, an
ηH

M approx. 0.9 is estimated. This finding reproduces the same value obtained
on a sapphire substrate, confirming that the ZnO surface does not play any
role in such transfer mechanism.

recovery of the hybrid luminescence

After demonstrating the validity of the intermolecular ET independently from
the substrate in use. The recovery of the molecular emission (REM) is measured
by the ratio of the spectrally integrated L6P yield in the ”cascade” HIOS versus
that of L4P-SP3 in the ”non-cascade” sample. As the inorganic-organic ET is
practically identical, the experimental ratio REM approx. 10 can be inferred by
scaling the yield in both samples relative to that of the QW emission. Theoret-
ically, denoting by σL6P and σL4P−SP3 the radiative efficiency of the molecules
in the respective HIOS, it holds:

REM = η∞
ET

σL6P

σL4P−SP3

The radiative efficiency is:

σM =
τH

M

τRad
M

where the total molecular lifetime τH
M is directly measured (95 ps L4P-SP3,

410 ps L6P), while the ratio of the radiative lifetimes can be quantified by
comparing the molecular extinction coefficients providing:

τRad
L4P−SP3

τRad
L6P

≈ 2

finally, REMapprox. 8η∞
ET. This confirms the above estimate of η∞

ET approx. 1
and demonstrates that ET from L4P-SP3 to L6P outpaced almost entirely the
quenching of molecular excitons at the hybrid interface.
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6.2.3 Room Temperature Measurements

Cascade ET persists up to room temperature as testified by the same set of
measurements showed previously (Section 5.3.3). The primary transfer from
the QW to L4P-SP3 stays reasonably efficient (ηRT

ET =0.32, extracted by Fig. 52B)
and, most important, the L6P emission is bright (Fig. 52A). These findings
are remarkable as the quantum yield of inorganic QW structures drastically
declines at higher temperatures.

Figure 52: Room temperature cascade ET in a L6P:L4P-SP3/ZnO/ZnMgO HIOS: (A) PL
spectrum at T=300 K for the blend (blue curve) and for the sole QW (red curve).
(B) PL transients of the ZnO QW (red curve) in the uncapped reference and in the
cascade hybrid part (blue curve). The solid lines are fits to the data as described
previously. The excitation photon energy is Eexc=3.46 eV.

The most striking aspect of this spectrum is the bright L6P luminescence. While
temperature behaviour and subsequent explanation for the ZnO→L4P-SP3
ET was discussed previously, here the cascade luminescence is the point of
interest. The ET contribution from the QW excitons to the total L6P emission
is measured under the present excitation conditions by the ratio:

ηRT
ET AQW

ηRT
ET AQW + AL4P−SP3

= 0.3

where AL4P−SP3=0.07 and AQW=0.1 are the fractions of photons absorbed in
the L4P-SP3 layer and the QW, respectively. Therefore, a substantial part of
QW excitons otherwise lost by non radiative recombination is recovered by ET
for light emission.
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6.3 conclusions

This chapter presented an efficient solution to the detrimental charge separation
happening at the hybrid interface. Molecular excitons quenching can be
surpassed by a cascade ET, where the second step takes place within a blend
of suitably adjusted organic components. L6P is chosen as candidate to pair
L4P-SP3, intermolecular energy transfer reaches efficiencies of approx. 1 in
blend nm-films on sapphire and on ZnO. OMBD films of L6P:L4P-SP3 blend
manifest the same closed layer structure of pure L4P-SP3 together with a bright
L6P emission. Finally, the intermolecular energy transfer can be considered as
pure Förster type, as it is temperature independent.
Introduction of cascade mechanism in a hybrid sample does not reduce the
total ET efficiency, which is actually enhanced by a direct ZnO-L6P transfer,
as proven by the measured ηL4P−SP3=70% and ηBlend=77%. The more striking
effect of the blend introduction is the bright luminescence measurable at RT,
here about one third of the excitons primarily excited in the QW are passed
to the LOPPs and emit light, whereas maximally one tenth would radiatively
recombine in the sole QW.
Cascade ET could be furthermore used for efficient colour conversion: by
introducing another molecular emitter in the range of yellow-green, the total
emission would result in a bright white light. The design presented in this
chapter could be further improved can be achieved by minimizing the ET
distance or optimizing the molecular packing.
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7

H Y B R I D S T R U C T U R E S :
E N E R G Y- L E V E L T U N I N G

This chapter gives an alternative solution to the least HIOS luminescence
discussed in the previous chapters. Here instead of funnelling excitons away
from the hybrid interface, the level alignment itself is adjusted to inhibit the
charge transfer and consequently recover the molecular luminescence.
Parts of this chapter are already published in.3

7.1 motivation

The energy level alignment across a heterostructure interface is one of the major
parameters determining electronic device performance and thus, dictating ma-
terials selection.70, 105 Though the ZnO/L4P-SP3 HIOS appears ideally suited,2

severe limitations originate from the level alignment discussed previously. In
fact, instead of the target Type I alignment (Fig. 53A), a type-II discontinuity
(Fig. 53B) is formed. Here, subsequent to energy transfer, charge separation
occurs at the interface, leading to a strong quenching of the luminescence of
the organic layer.

Figure 53: Energy level alignment favourable for energy transfer and subsequent light emission
(Type I) or charge separation (Type II).

Aligning the frontier energy levels to switch off charge separation simply by
molecular design can be difficult: partial fluorination of L4P shows yes an
increasing of the electron affinity (fractions of 1 eV), but at the same time
results detrimental for its optical properties with a decrease of QY and lower
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photo-stability.106

A substantial lowering of the ZnO work function (WF, Φ) by more than 1 eV
could be one way to arrive at the situation depicted in Fig. 53A. Consequently,
the use of appropriate interlayers comprising dipoles between inorganic and
organic layers to shift the electrostatic potential emerges as a natural way to
tune the HIOS energy level alignment.
This chapter reports that employing the recently introduced air-stable donor
[RuCp*mes]2

107–110 (chemical structure in Fig. 54), the Φ of ZnO reaches values
of 2.2 eV, thus even rivalling those of alkali metals. This approach grants to
achieve almost perfect alignment of the frontier levels of ZnO and of L4P-SP3,
thereby drastically enhancing the radiative efficiency of the HIOS.

7.2 state of the art

Molecular modification of semiconductor surfaces has long been studied as a
method for surface state passivation and control of energy level alignment.111

Usually, a material work-function (Φ) is modified using molecular layers, by
one (or a combination) of two approaches:

1. A molecular dipole, perpendicular to the surface of the material, attached
either by chemisorption or physisorption.

2. Charge transfer between an adsorbed molecule, and the material sub-
strate.

Both approaches have been used successfully for Φ modification over a wide
electrical potential range.
Surface modification of transparent conductors, using chemisorbed dipole
layers, was studied105, 112 and a total change of Φ of 1.2 eV was achieved using
molecules with different dipoles.
The approach of charge transfer between the molecule and the surface was
employed successfully using polyethylenimine (PEI), polyethylenimine eth-
oxylated (PEIE)113 and 2,3,5,6-tetrafluoro-7, 7,8,8- tetracyanoquinodimethane
(F4TCNQ)114 on many surfaces, including ZnO. Charge transfer between the
organic modifier and the substrate, and resulting formation of a surface dipole
(yielding Φ modification), can occur with electron donors or acceptors. Trans-
fer of even a small fraction (e.g., 1/100) of an electron charge per molecule
is sufficient to achieve a significant (tenths of V) Φ change, but the extent to
which this occurs depends on the substrates initial conditions, such as the
bulk doping level and the density and energies of the surface/interface states
(which dictates the band bending of the free surface/interface114).
The change in electrostatics due to the charge transfer can extend beyond the
exact position of the donor (acceptor) molecule115 and even, in the case of low
conductivity substrate, the excess charge carriers can significantly contribute
to surface conductivity. Lowering the work function of ZnO using dipolar
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self-assembled monolayers attached to ZnO has yet accomplished only mod-
erate success; the lowest values achieved have been in the range of 3.5-4.3
eV,102, 116, 117 which is insufficient to eliminate energy level offsets with most
organic semiconductor materials.

7.3 experimental

sample preparation

[RuCp*mes]2 and L4P-SP3 were evaporated from resistively heated quartz
crucibles onto bulk ZnO crystals purchased from Tokyo Denpa. Evaporation
rates were in the range between 0.1 nm/min and 1 nm/min. Film thicknesses
were monitored via quartz crystal microbalance and measured by AFM (Fig.
54). Scratching the sample surface by measuring in contact mode, the organic
film breaks as seen in the picture. Extracted thickness corresponds to 0.3 nm.
This confirms that [RuCp*mes]2, in the first few layers, forms homogeneous
smooth films.

Figure 54: [RuCp*mes]2 structural characterization. (A) AFM picture of a approx. 0.3 nm
[RuCp*mes]2 layer grown on sapphire substrate. The height of the layer was
deduced by scratching a portion of the sample (1µmx1µm) using the AFM in
contact mode. (B) Height profile for the scratched portion to extract the thickness.
(C) Chemical structure of [RuCp*mes]2.

Prior to the experiments, ZnO crystals were cleaned by repeated Ar-sputter/annealing
cycles (1 kV, 2µA, 40 min; 400 ◦C) and cleanliness verified by the C 1s emission
below 1. Samples were handled with the same all-UHV procedure discussed
previously.
Notably, by exposing a 5 nm L4P-SP3 film on [RuCp*mes]∗/ZnO(000-1) to
a nitrogen glove box atmosphere for 10 mins, only a minimal change of the
interface energy levels is observed (lower than 0.1 eV). Therefore, these HIOS
structures are remarkably robust with respect to handling outside of ultra-high
vacuum conditions, which renders them of high practical relevance.
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7.4 results and discussion

7.4.1 Interface Energy Levels

interlayer effects on zno

UPS photoelectrons spectroscopy (UPS and XPS, respectively) spectra are
reported in Fig. 55. There, are shown the bare ZnO spectrum (black line) and
the [RuCp*mes]2 covered sample (green line).

Figure 55: Photo-emission spectra for [RuCp*mes]2 deposited on O-terminated ZnO. (A) The
left side panel shows the C 1s and Ru 3d core level regions. The two different Ru
3d5/2 peaks correspond to neutral [RuCp*mes]2 dimer with Ru in (2) oxidation
state (RuI I) and to the cationic [RuCp*mes] with formal Ru oxidation state but
lower electron density in the valence levels (RuI I+δ+). (B) The secondary electron
cut-off (providing the work function Φ) and valence spectra are shown in the right
panel. Black curves: bare ZnO. Green curves: after deposition of [RuCp*mes]+

(nominal mass-thickness given in Å)

Fig. 55A shows XPS data in the C 1s and Ru 3d core level regions and are
consistent with the formation of [RuCp*mes]+ on ZnO. On ZnO(000-1) two
distinct Ru 3d5/2 peaks (the Ru 3d3/2 peaks are obscured by the C 1s peaks) are
observed, providing evidence of two differently charged Ru species. Although
the formal oxidation state of Ru is the same (2+) in both dimer and monomeric
cations, the presence of the positive charge decreases the electron density in
the Ru valence levels of [RuCp*mes]+, which screens the core potential less
efficiently and gives rise to a core-level shift to higher binding energy (BE);
thus, the low BE peak is attributed to excess neutral (unreacted) [RuCp*mes]2
and the high BE component to [RuCp*mes]+.

UPS spectra in Fig. 55B show that the layer of [RuCp*mes]2 reduces the ZnO
work function by approx. 1.5 eV to a value of 2.7 eV. The Φ decreases is attrib-
uted to electron transfer from the interlayer to ZnO. It has been shown that
[RuCp*mes]2 and related dimers118 react with organic acceptors to form two
acceptors anions and two monomeric cations, in this case, [RuCp*mes]+.108, 110
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It is noteworthy that the Φ change solely originates from the localized dipole
formed by the [RuCp*mes]+ and the negatively charged ZnO as a result of
the charge-transfer reaction. Contributions due to surface band bending are
absent, as evidenced by the constant binding energy of Zn 3p and O 1s core
levels even after deposition of [RuCp*mes] (see supplementary information
in3).
This is fundamentally different from the situation of molecular acceptor in-
terlayers, where a significant (0.8 eV) upward band bending in ZnO was
observed.114 However, this can easily be rationalized by the n-doped nature
of ZnO: while molecular acceptors deplete the ZnO-native donor levels, mo-
lecular donors fill the ZnO conduction band. The orders-of-magnitude larger
density of states of the conduction band, as compared with that of the native
donors, strongly pins the Fermi level (EF) as the ZnO turns degenerate.
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tuning of the energy level offsets

Upon proving sole interlayer effects, UPS spectra were performed to asses the
energy level alignment of bare and interlayer-covered ZnO, results are reported
in Fig. 56.

Figure 56: HIOS energy levels with and without [RuCp*mes]2 interlayer. UPS spectra
of L4P-SP3 (blue curves) and ZnO (black curves). The effect of the interlayer
is demonstrated on the O-terminated ZnO. The left panels (A) show the work
function, the right panels (B) show the valence spectra. Corresponding HIOS
structures (with/without interlayer) are sketched between the spectra.

The valence band maxima of bare ZnO(000-1) is at 3.0 eV below EF (α, black
curve), implying slight upward surface band bending. Deposition of the sole
L4P-SP3 layer reduces Φ by 0.3 eV (β, blue curve): this is often observed for
organic materials physisorbed on metal oxides and attributed to a mechanism
analogous to ”push-back” on metal surfaces.119 No new core level peaks arise
in the O 1s and Zn 3p regions (curve not shown), suggesting that L4P-SP3
is physisorbed on the ZnO surface. It must be also noted that no L4P-SP3
thickness-dependent changes were observed in measurements up to 50 Å
nominal coverage, i.e., multilayer.
The resulting HIOS energy level alignment without the interlayer, is thus of
type-II with 1.2 eV of energy offset between the respective filled/empty frontier
levels (blue curve Fig. 56 and Fig. 57A).
On [RuCp*mes]+-covered ZnO(000-1), with a pristine Φ function of 2.7 eV
(green curve Fig. 56), L4P-SP3 deposition does not induce a Φ change (δ,
orange curve). The onset of emission from the level associated with the HOMO
of L4P-SP3 is 3.2 eV below EF (χ orange curve Fig. 56).
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These observations, in combination with the the HOMO onset at 3.3 eV below
EF and in conjunction with the optical gap of 3.25 eV, lead to the conclusion
that the level associated with the LUMO of L4P-SP3 is pinned at EF (Fig.
56) This estimate ignores the effects of exciton-binding energy: although the
transport gap of L4P-SP3 is yet unknown,120 it is likely to be somewhat larger
than the optical gap so that the actual LUMO level distribution is at and above
EF.121 As Φ remains very low for both surfaces, no changes in the ZnO band
bending occur.

The UPS spectral signature of L4P-SP3 with and without [RuCp*mes]∗

interlayer is the same (Fig. 57), so that the organic semiconductor levels are
rigidly shifted in energy with respect to those of the inorganic component.
Consequently, the interlayer aligns the energy levels of the HIOS system, with
an offset of 0.1 eV Fig. 57B.

Figure 57: Energy level diagrams: L4P-SP3 without interlayer on O-terminated ZnO(000-
1) (A) and, with [RuCp*mes]2 interlayer (B), respectively. Energy values are
referenced to the Fermi level and in eV. The offset between L4P-SP3 and ZnO
energy levels is highlighted in red. The L4P-SP3 LUMO region is shaded with a
gradient to represent uncertainties due to the unknown transport gap.

For efficient energy transfer, the conduction band minimum should also be
in resonance with the LUMO level. L4P-SP3 transport gap (optical gap plus
exciton binding energy) is assumed to be only slightly wider (< 0.3 eV) than
its optical gap as the rigidified structure lowers the binding energy. Thus,
the offset between unoccupied frontier levels of the HIOS are estimated to be
similar to those measured for the occupied levels.
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7.4.2 Energy Transfer and Radiative Recombination

This section deals with the consequences of energy level optimization for the
balance of energy transfer versus interfacial charge separation at the hybrid
interface. Since efficient energy transfer was already largely demonstrated
previously, results here concentrate on the beneficial effects of the [RuCp*mes]2
interlayer on the molecular luminescence.

sample preparation

The inorganic part for this study consists of a ZnO/Zn0.9Mg0.1O QW structure
grown by molecular-beam epitaxy30 with a 2 nm thin Zn0.9Mg0.1O top barrier.
The selected Mg content of 10% shifts the CBM (VBM) by 0.16 eV (0.06 eV)
to higher (lower) energies as compared to ZnO.22, 122 This gap-widening of
the top barrier is very small compared to the much larger inorganic/organic
type-II level offset, thus charge separation is also expected for the pristine
Zn0.9Mg0.1O/L4P-SP3 interface.
Using shadow masks during molecular deposition, three different hybrid struc-
tures were obtained on the same QW (Fig. 58): a 3 nm L4P-SP3 film on the QW
structure (pristine HIOS, (ii)), ca. monolayer [RuCp*mes]2 embedded between
the QW structure and 3 nm L4P-SP3 (optimized-HIOS, iii). For reference
measurements, a portion of the sample surface is left without molecules (i).

Figure 58: Schematics and colour code of the investigated structures: grey (i) bare QW
structure, blue (ii) HIOS consisting of the QW structure overgrown with 3 nm
L4P-SP3, green (iii) HIOS with [RuCp*mes]2 interlayer.

For the characterization of L4P-SP3 alone a further reference sample comprised
an upright standing mono-layer of tetracontane77 (C40H82) between L4P-SP3
and the QW structure, where neither energy transfer nor charge separation
are of relevance.
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energy transfer vs charge separation

The interplay of energy and electron transfer across the HIOS is elucidated by
photoluminescence and time-resolved measurements at low temperature (T=5
K). At first, the transfer efficiency is investigated in the two hybrid samples.
Because of the τET distance-dependence,17, 31, 63 the interlayer can be effectively
used only if it doesn’t shut off the transfer process. PL transient for the refer-
ence QW and for the two hybrid samples are reported in Fig. 59A.

Figure 59: Optical spectra of HIOS: (A) PL decay transients of the QW excitons (T=5K) of
structures (i), (ii) and (iii). Light grey: instrumental response of the time-correlated
single-photon counting set-up on the fs excitation pulse. Only the QW is primarily
excited. Solid curves are fits to the data by convoluting exponential transients N(t)
(up to three components) with the instrumental response function IRF. (B) L4P-SP3
PL transients of (ii, blue curve) and (iii, red curve) measured at Edet=3.24 eV. The
excitation photon energy 3.3 eV. Inset: transients of (iii) right after excitation
demonstrating the presence of a rise time (dashed curve) for an excitation energy
(Eexc=3.46 eV).

QW exciton lifetime, τQW=205 ps in the reference structure (red curve Fig. 59A),
shortens to τH

QW=75 ps in the HIOS (ii) (green curve) sample. The lifetime of
QW excitons in structure (iii) (blue curve) is not markedly changed, though
the donor-acceptor spatial separation is widened by the ca. 0.3 nm thickness
of the [RuCp*mes]* interlayer. With the formulas previously described (Eq.31,
Eq. 32), transfer time of τET=115 ps and efficiency of ηET=0.65 are extracted,
these values are in agreement with previous results presented on analogous
structures (Chapter 5). Also in line with previous findings, a short molecular
lifetime τH

m =60 ps is found for the structure (ii) (green curve Fig. 59B). The low
emission yield and the short lifetime are a direct result of the type-II energy
level alignment of pristine HIOS.
In the thin (3 nm) L4P-SP3 layer used here, diffusion of excitons towards the
interface is not an important factor. Thus, the characteristic time and efficiency
of the charge separation process can be estimated using the previous formulas
(Eq. 37 and Eq . 38). Results are τCT=65 ps and ηCT=0.9 respectively. That
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is, 9 out of 10 excitons generated (directly or indirectly) in L4P-SP3 are not
converted into emitted light.
The [RuCp*mes]+ interlayer in structure (iii) alters the scenario profoundly.
L4P-SP3 lifetime recovers to a value of τM

m =265 ps (blue curve Fig. 59B) proving
suppression of excitons quenching. Evidence of efficient energy transfer is
provided by the presence of a rise time in the L4P-SP3 emission, now resolvable
due to the longer decay time (inset Fig. 59B), displaying the arrival of the
excitons in the organic layer.
Fully consistent with the change in lifetime, the molecular emission in the
optimized-HIOS increases by a factor of seven compared to structure (ii) (Fig.
60, blue and green curve respectively).

Figure 60: Optical spectra of HIOS: (A) PL spectra of structures reference QW (red curve),
HYBRID and optimized-HIOS (green and blue curve respectively). Inset: sevenfold
increase of the molecular luminescence of the optimized-HIOS. The excitation
energy was Eexc=3.46 eV. (B) PLE spectra for the QW reference (Edet=3.35 eV,
red curve) and optimized-HIOS (Edet=3.2 eV, black curve). The green curve is
obtained subtracting a reference L4P-SP3 absorption spectra from the black curve.
All spectra were obtained at T=4 K.

The energy transfer from the QW to L4P-SP3 in structure (iii) is also demon-
strated by PLE (Fig. 60). The excitation spectrum taken on the S1,0-S0, 1 line
of the molecular emission exhibits the absorption features of both QW and
ZnMgO barrier.
The yield of photons emitted by the L4P-SP3 layer per electron-hole pair
generated in the QW is:

η = ηET ∗ ηPL,L4P−SP3

The latter quantity is the emission yield of L4P-SP3 in the hybrid structure. As
there is still residual exciton quenching at the ZnMgO interface, ηPL,L4P−SP3
approx. 0.55 assuming that the intrinsic PL yield of L4P-SP3 approaches unity.
Hence, the total luminescence yield of HIOS (iii) is η approx. 0.35.
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7.4.3 Molecular Luminescence at Room Temperature

At room temperature, the role of the interlayer is crucial for the molecular
emission. Normalized RT spectra for the HIOS (ii) and optimized-HIOS (iii)
are reported in Fig. 61A.

Figure 61: Room temperature effect of [RuCp*mes]2. (A) PL spectrum for the HIOS sample
(ii) (green curve) compared with the optimized-HIOS (iii) (blue curve). The orange
dotted line is a RT luminescence spectrum of a L4P-SP3 reference sample. (B)
L4P-SP3 PL transients of (ii, blue curve) and (iii, red curve) measured at the
detection energy EPL=3.24 eV. The excitation photon energy 3.3 eV is below the
ZnO absorption edge. Solid black curves are fits to the data by convoluting
exponential transients (2 components) with the instrumental response function
IRF (grey curve).

Whereas L4P-SP3 emission from structure (ii) is no longer detectable (green
curve Fig. 61A), the molecular signal remains visible in case of structure (iii)
(blue curve Fig. 61A).
In agreement with the luminescence spectra, the interlayer effect can be ob-
served on time traces acquired on the molecular luminescence in Fig. 61B.
L4P-SP3 lifetime recovers to a value of τM

m approx. 100 ps (blue curve Fig. 61B)
for structure (iii) from an initial value of τM

m =55 ps of unmodified structure (ii)
(green curve).
Despite this improvement of radiative emission yield, particularly at room
temperature, the present HIOS can further be optimized, since a considerable
fraction of excitons still is not converted into light. This might be traced back
to interface states, which are too low in intensity to be directly revealed by
photo-emission.
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7.5 conclusions

This chapter presented a simple method to tune the energy level alignment for
hybrid inorganic-organic semiconductor structures. The work function of the
ZnO is lowered to a record value of 2.2 eV by depositing the organometallic
donor dimer [RuCp*mes]2, which adopts the cation monomeric [RuCp*mes]*
form in contact with the oxide surfaces.
Upon deposition of [RuCp*mes]2, the ZnO work function decreases till the
record value of ∆φ=−1.5 eV. The subsequently deposited L4P-SP3 rigidly shifts
its energy levels with respect to those of ZnO. Hence, the [RuCp*mes]2 inter-
layer aligns the filled/empty frontier levels of the HIOS.
For such tailored interface, excitons dissociation and charge separation are
found to be significantly reduced: current design shows a sevenfold increase
of the emission yield of the L4P-SP3 overlayer while the transfer efficiency
(67%) was not reduced by the interlayer.
Even at room temperature, where the luminescence yields of inorganic semi-
conductors is notoriously low, a substantial part of the ZnO excitons, otherwise
lost by non-radiative recombination, is recovered by energy transfer to the
organic emitter layer and then used for light emission.
These results in combination with high ambience stability of [RuCp*mes]2,
substantiates the huge potential of such structures in light emitting applica-
tions. Usage of such layers is applicable to optimize the energy levels in a wide
range of HIOS, especially with wide-gap inorganic semiconductors.
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8

C O N C L U S I O N S

This work focussed on the design, preparation and characterization of organic-
inorganic hybrid structures for energy transfer studies. The investigated system
consists of a high quality ZnO single quantum well as energy transfer donor
and an organic layer of ladder-type oligo(p-phenylene)s (LOPPs) as acceptor.
Organic-inorganic hybrid structures are possible candidates for new gener-
ations of white light emitting diodes; characterized by better performances
of commercial phosphors-based, or fully organic, devices. The rich emission
variety and the tunability of organic materials would allow a better colour
rendering of the final device which would combine the high carrier injection
of the inorganic UV component and the fast decay times (ps-ns) of the organic
emitter, so that ultra-fast modulation would be also achievable.
At the starting point of this work, the hybrid FRET-based device under study
suffered from two main push-backs:

• No electrical injection for ZnO heterostructures: ZnO is intrinsically an
n-type semiconductor. Any attempt of p-doping is compensated by the
formation of Oxygen vacancies, balancing for the extra holes.42, 49

• Improper alignment of the frontier energy levels: π-conjugated molecules
in contact with wide gap inorganic materials such as ZnO display a strong
or even complete suppression of their luminescence13, 18, 29 caused by a
Type II interface.68

The newly synthesized ladder-type quaterphenyl (L4P), because of its high
extinction coefficient (100000 cm−136) and its quantum yield, which is close to
unity in solution, L4P was found to be an ideal emitter for a hybrid system.
L4P displays sharp intense vibronic features (FWHM approx. 0.1 eV) and its
absorption spectrum is in resonance with the low temperature emission of the
ZnO heterostructure (Fig.21, Ch.4). Energy transfer was demonstrated in a
hybrid design consisting of a 3.5 nm ZnO single quantum well sandwiched
between two ZnMgO barriers with a thin molecular layer (Ch.4) spincasted on
top.
Layers of sole L4P display a Volmer-Weber growth mode,36 which is detri-
mental for energy transfer experiments. For these measurements, L4P was
encapsulated into a high glass-transition temperature Poly-Styrene (PS) layer
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and spin-coated on top of the quantum well.17, 18, 81 Experiments were carried
out using a 3 nm layer of PS with a 20 wt.% (weight percent) concentration of
L4P.
In the resulting hybrid samples, energy transfer was demonstrated by follow-
ing methods: photoluminescence excitation and time resolved spectroscopy.
The transfer efficiency reached 50% within a transfer time of 230 ps. The above
results have to be considered as proof-of-concept experiments, confirming that
LOPPs are suitable candidate for FRET-based hybrid devices.
However, the transfer efficiency value of 50% does not represent a state-of-
the-art result. The bottleneck of the transfer mechanism turns out to be the
actual sample geometry (Section 4.4 Ch. 4). The low density of molecules in
the layer reduces the effective transfer rate, as only molecules directly at the
ZnO interface are eligible to be sensitized.
A crucial disadvantage of L4P found in further experiments is its extremely low
photo-stability.1 Thin films and solutions of L4P decompose in seconds under
UV excitation, indicated by conversion of the blue emission into a green-yellow
emission (Fig. 26). Such a molecular degradation and colour conversion was
already largely studied in L4P forefathers such as poly-fluorene and poly-pare-
fluorene. In our investigation, kinetic and mass spectrometry degradation
studies revealed two important findings about the photo-degradation mechan-
ism L4P and poly-fluorene:

• the degradation product was found to be a formylated-substituted L4P,
named here L4P-deg, and not a fluorenone as largely stated in literature
(chemical structure shown in Fig. 30).

• studies of L4P solutions1 and thin films (Section 4.6 Ch.4) showed that
the green luminescence of the L4P-deg species is steamed by pristine L4P
molecules via fast end efficient L4P-L4P-deg FRET.

Before further experiments, L4P was chemically modified to improve its struc-
tural properties and its photo-stability. Triple-spired L4P (L4P-SP3) was selec-
ted for further experiments (Ch.5): unlike its parent, L4P-SP3 can be evaporated
in amorphous closed layers on different surfaces including ZnO (Fig. 34) and
shows the best photo-stability compared to other spiro-substituted LOPPs (Fig.
32). For the combination ZnO/L4P-SP3, energy transfer reaches an efficiency
of ≈ 67% within a transfer time of 77 ps.
A further proof of the carrier transfer from the ZnO to the molecules was ob-
tained by exciting the samples above the ZnMgO barrier band-edge (Eexc=3.55
eV). For these excitation conditions, the long decay time of the barrier was
observed also in the decay curves measured on the QW and on the molecular
emission, respectively.

At room temperature, the transfer efficiency decreases to about 32%. This
was the first measurable energy transfer result at room temperature for ZnO
based hybrid structures. The temperature behaviour of the energy transfer
could be influenced by variations of the spectral overlap and changes of
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the intrinsic properties of the QW excitons. Thanks to simulations (Fig. 43),
variations of the spectral overlap was excluded as the main cause of the transfer
efficiency behaviour.
The observed results on the temperature dependence of the energy transfer
efficiencies (Section 5.3.3 Ch.5) were interpreted in the context of the QW
excitons properties. A combination of photoluminescence and time-resolved
spectroscopy unveiled the transition a change in the excitons nature from
bound to free excitons with increasing temperature. Section 5.3.3 shown that
below 110 K the electron-hole pairs in the QW are localized within energy
traps in the potential landscape; above that temperature, excitons acquire
sufficient kinetic energy to escape potential traps and become free (Fig. 44).
This excitonic transition was used to explain the behaviour of the transfer rate
with increasing temperature, as the free excitons wave-vector becomes too
large for efficient dipolar coupling.
Despite the efficient transfer mechanism, the molecular layer in contact with
ZnO barely shines light. Photoluminescence and UPS experiments revealed
an efficient charge separation in these samples as approximately 90% of the
molecular excitons are shut-off by the hybrid interface. UPS data estimated
the energy offset between the valence band maximum of ZnO and the L4P-SP3
HOMO to 1.2 eV.

Following experiments focussed on the solution, or the avert, of the above
observed molecular excitons destruction.

One successful approach was the introduction of a secondary energy transfer
step within the organic layer (Ch.6). A longer π-chain ladder phenyl (L6P)
was selected as energy transfer partner of L4P-SP3.
Blend films with a molecular ratio of 1:10 were deposited by OMBD. The
molecular ratio was tuned by changing the deposition rate of the two molecules
(3 nm/min for L4P-SP3 and 0.3 nm/min for L6P). Overlayers prepared with
this mixing ratio display the closed layer structure of L4P-SP3 (Fig. 47) together
with the emission characteristics of the sole L6P. Energy transfer experiments
showed an intermolecular transfer efficiency close to unity (Fig. 48).
The same blend film was successfully deposited on ZnO heterostructures
(sample structure in inset Fig. 49). The total ET efficiency measured reaches
approx. 80% within a transfer time of 45 ps, the higher efficiency from previous
result was attributed to direct transfer between ZnO and L6P. Importantly, the
cascade samples show a radiant L6P luminescence (Fig. 49). Time resolved
measurements on the L6P emission revealed the absence of quenching effects
of the ZnO surface. L6P shows identical lifetimes (τL6P ≈ 400 ps) both on
sapphire substrate and on ZnO substrate. Remarkably, the beneficial outcomes
of the cascade mechanism manifest especially at room temperature. Here, one
third of the QW excitons are passed to the molecules, but the samples still
show intense L6P emission (Fig. 52).

The last chapter (Ch. 7) described another approach to the charge separation
push-back. The energy level alignment at the hybrid interface was tuned
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using a newly synthesized solution-processable organometallic donor dimer
reductant [RuCp*mes]2 interlayer.
Employing [RuCp*mes]2, strong downward energy-level shifts of 1.3 eV were
observed, which realigned the energy levels of L4P-SP3 to match the ZnO con-
duction band. Upon deposition of the interlayer, the subsequently deposited
L4P-SP3 molecules realign their energy levels turning the Type II interface into
the targeted Type I. This strategy was used to lower the ZnO work function to
the record value of 2.2 eV (Fig. 57A).
Although further optimization is needed, it was shown that the interlayer does
not disturb the transfer mechanism: the efficiency of the energy transfer in
interlayer-modified structures is comparable to the energy transfer efficiency
in samples without the interlayer (67% efficiency). Investigation on L4P-SP3
emission showed a sevenfold increase of the molecular luminescence and of
the decay time (Fig. 59), respectively.

It was also observed that in hybrid structures without the interlayer, ap-
proximately 10% of the the excitons generated in the organic layer recombine
radiatively. Such percentage triples to approximately 30% with the introduction
of the Ru-interlayer. At room temperature, the interlayer enables a detection of
the molecular emission which is not visible in structures without the interlayer.
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8.1 future work

The results presented in this work demonstrate that organic/inorganic hybrid
nanostructures with well-defined interfaces and bright molecular emission can
be realized.
Basing on these findings, future work could proceed following two parallel
strategies:

• exchanging the L4P-SP3 acceptor, to further optimize the spectral overlap
with ZnO.

• interchanging the ZnO inorganic donor with a donor that allows injection
of carriers.

In the following these two strategies are described in details.

iso-LOPPs as Organic Acceptor

A variation of LOPPs, with a different bended configuration called iso-LOPPs
(chemical structure of iso-L4P-SP2 in Fig. 62A) can be now synthesized. This
class of molecules posses an absorption maximum approximately 40 meV
blue-shifted compared to L4P (Fig. 62B) and thus a higher spectral overlap
with ZnO heterostructures. The Stokes-shift for iso-L4P-SP2 is still small and
the fluorescence quantum yield in solution is close to unity.

Figure 62: Optical properties of an evaporated layer of iso-L4P-SP2 at room temperature. The
thin black line at 3.37 eV corresponds to the ZnO QW low temperature emission.
Spectra were acquired upon excitation at 4.2 eV by a Xenon lamp.

Preliminary OMBD tests on iso-L4P-SP2 show the same closed layer growth
regime that characterizes L4P-SP3, making these molecules suitable for HIOS
devices. Simulations show that with the above molecule, it could be possible
to reach transfer efficiencies above 80% within shorter transfer times.
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For the ZnO/iso-L4P-SP2 pair, the results of chapters Ch. 6 and Ch. 7 would
still be valid: an active interlayer can tune the Type-II interface into a desired
Type-I interface, or a cascade FRET-blend could reduce the charge dissociation
at the hybrid interface.

Electrically Pumped QW

In this work, the sample studied employed ZnO quantum wells as inorganic
donor. Despite strong efforts, ZnO still cannot be electrically pumped, as
reliable p-doping is yet to be achieved. Thus, future work should involve
other donor materials like p-GaN and p-type oxides such as Li-doped NiO
and NiMgO. On this basis, 2D bipolar heterojunctions could be produced.
Epitaxial growth experiments show that a combination of n-ZnO on p-GaN is
possible.123, 124 Using these materials, preliminary inorganic LEDs were already
prepared. Electro-luminescence spectra of a n-ZnO and p-GaN heterostructure
are reported in Fig. 63.

Figure 63: Electro-luminescence spectra for n-ZnO epitaxially grown on p-GaN.

Further experiments are required to understand the origins of the detected
emission and to gain a better understanding of these structures. If this material
combination is going to be used in hybrid light-emitting devices, it is also
necessary to shift the emission to higher energies via carrier blocking, quantum
confinement or polarity inversions.
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