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Abstract

In this work, a fundamental framework for the understanding of photovoltaic charge generation
at metal-oxide/organic hybrid interfaces is established. It is shown that hybrid charge transfer
states (HCTS) play a crucial role in the power conversion process. Prior to full charge separa-
tion, pairs of electrons and holes situated at opposite sides of the heterojunction remain bound
to each other by Coulomb interaction. Only if an HCTS is dissociated before it recombines, a
contribution to a photocurrent can be made.

Planar heterojunctions of the material combinations ZnO/P3HT, ZnMgO/P3HT, and SnO,/P3HT
serve as model systems for a broad investigation of interface energetics, photovoltaic power con-
version and the loss processes therein. Hereby, variation of the Mg content in ZnMgO allows
to tune the hybrid energy gap AFEjo between inorganic conduction band and organic highest
occupied molecular orbital (HOMO). A combined analysis of the electronic structure of the
interface and the corresponding photovoltaic performance, also as a function of temperature,
reveals that an HCTS consists of an electron in the conduction band of the metal-oxide and
a hole in the HOMO of the polymer. Consequently, its formation is an intrinsic property of
all metal-oxide/organic heterojunctions, independent of their chemical composition, interface
morphology and the existence of localized trap states for carriers at the interface.

Electroluminescence (EL) spectroscopy proves to be a powerful tool in the analysis of HCTS
and their physical properties. Their radiative recombination produces a broad signal in the
near-infrared spectral range. Voltage-dependent EL. measurements reveal a high degree of de-
localization of both carriers in an HCTS, whereas EL spectra recorded over a wide range of
temperatures show that non-radiative processes are by far the dominant recombination channel
for HCTS at room temperature. During their long lifetime in the range of 500 ns, electron and
hole in an HCTS are able to migrate geminately along the interface plane.

A multistep model for a detailed description of the charge generation process in a metal-
oxide/organic photodiode is derived from temperature-dependent measurements of the photo-
voltaic efficiency. It becomes apparent that the binding energy of electron and hole in an HCTS
does not impose a significant limitation on device performance. The strong presence of non-
radiative decay processes, however, causes severe losses both in photocurrent and open circuit
voltage for all material systems that are investigated in this work.

It can be concluded that a single metal-oxide/organic heterojunction does not suffice for effi-
cient charge separation in photovoltaic devices. In future research, tailored inorganic acceptor
materials can serve to funnel charge carriers away from the interface in order to prevent their
recombination. This work provides guidance for optimization of inorganic/organic hybrid pho-
tovoltaic devices.



Zusammenfassung

In dieser Arbeit wird ein grundlegender Rahmen fiir das Verstdndnis von photovoltaischer La-
dungserzeugung an Grenzflichen zwischen einem Metalloxid und einem organischen Halbleiter
geschaffen. Dabei wird gezeigt, dass hybride Ladungstransferzustinde (HCTS) eine entschei-
dende Rolle im Energieumwandlungsprozess spielen. Vor ihrer endgiiltigen Trennung blei-
ben Elektronen und Locher an gegeniiberliegenden Seiten der Grenzfliche durch Coulomb-
Interaktion aneinander gebunden. Nur wenn die Trennung eines solchen HCTS vor seiner Re-
kombination erfolgt, kann es zu einem Photostrom beitragen.

Planare Schichtsysteme der Materialkombinationen ZnO/P3HT, ZnMgO/P3HT und SnO,/P3HT
dienen als Modellsystem fiir eine ausfiihrliche Studie iiber Energiestruktur der Grenzflache,
photovoltaische Energieumwandlung und die damit verbundenen Verluste. Durch Variation
des Magnesiumgehalts in ZnMgO kann hierbei die Grenzflaichen-Bandliicke A Fjo zwischen
anorganischem Leitungsband und organischem HOMO veridndert werden. Eine kombinierte
Analyse von elektronischer Struktur der Grenzfliche und photovoltaischer Effizienz, auch in
Abhingigkeit der Temperatur, zeigt, dass ein HCTS aus einem Elektron im Leitungsband des
Metalloxids und einem Loch im HOMO des Polymers besteht. Folglich ist seine Entstehung
eine intrinsische Eigenschaft von allen Grenzflachen zwischen einem Metalloxid und einem
organischen Halbleiter, unabhingig von deren chemischer Zusammensetzung, Grenzflichen-
morphologie oder dem Vorhandensein von lokalisierten Fallenzustinden fiir Ladungstriger an
der Grenzfliche.

Elektrolumineszenzspektroskopie (EL) stellt sich als wirksame Methode zur Untersuchung von
HCTS und deren physikalischen Eigenschaften dar. Deren strahlende Rekombination produ-
ziert ein breites Signal im nahen Infrarotbereich. Spannungsabhingige EL.-Messungen zeigen
den hohen Grad an Delokalisierung von beiden Ladungstridgern in einem HCTS. Elektrolumi-
neszenzspektren, die iiber einen weiten Temperaturbereich aufgenommen wurden, zeigen, dass
nichtstrahlende Prozesse mit Abstand der dominierende Zerfallsmechanismus fiir HCTS bei
Zimmertemperatur sind. Wihrend ihrer langen Lebensdauer um 500 ns sind Elektron und Loch
in einem HCTS gemeinsam mobil in der Ebene parallel zur Grenzfliche.

Ein Modell aus mehreren Schritten fiir eine detaillierte Beschreibung des Stromerzeugungs-
prozesses kann aus temperaturabhéngigen Messungen der photovoltaischen Effizienz abgeleitet
werden. Hierbei wird deutlich, dass die Bindungsenergie von Elektron und Loch in einem HCTS
keine bedeutende Einschrinkung fiir die Leistungsfihigkeit einer Solarzelle darstellt. Die ein-
flussreiche Rolle von nichtstrahlenden Zerfallsprozessen verursacht jedoch schwere Verluste
sowohl an Photostrom, als auch an Leerlaufspannung. Dies gilt fiir alle Materialsysteme, die in
dieser Arbeit untersucht werden.

Folglich geniigt eine einzelne Grenzfliche zwischen einem Metalloxid und einem organischen
Halbleiter nicht, um effiziente Ladungstrennung in Solarzellen zu erreichen. Kiinftige For-
schung wird sich darauf konzentrieren, mit speziell angepassten anorganischen Schichtsyste-
men zu erreichen, dass Ladungstriager von der Grenzfliche wegbewegt werden, um ihre Re-
kombination zu verhindern. Diese Arbeit bietet somit Leitlinien zur Optimierung von orga-
nisch/anorganischen Hybridsolarzellen.
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Chapter 1

Introduction

”Little darling, it’s been a long cold lonely winter,
Little darling, it feels like years since it’s been here.
Here comes the sun,

Here comes the sun, and I say,

It’s all right.”

The Beatles

In recent time, consequences of a global climate change are becoming more and more apparent.
Hurricanes and typhoons bring devastation upon a steadily growing number of countries and
cities in tropical and subtropical regions. At the same time, in temperate zones periods of
aridity can cause severe bushfires and lead to desertification of formerly fertile landscapes.
Thunderstorms and inundations cause thousands of fatalities each year and leave an even higher
number of persons without shelter.

Sea levels have risen by ca. 20cm since the pre-industrial age as a consequence of global
warming and melting of ice in polar regions. Depending on future development of ambient
conditions, a total sea level rise of 1 m or even more appears to be realistic in scientific models.
Such a surge would permanently drown an area of 150 000 km?, corresponding to almost half
the size of Germany. A total of 180 million persons would lose their homes, including more than
20 million persons alone in Egypt and Bangladesh. Several islands might be lost entirely.[1]

The crucial parameter to long-term living conditions on planet Earth is the future development
of global average temperature. In the Paris Agreement, which was established in 2015 and
signed by 195 countries since then, the target of limiting global warming was sharpened to a
value near 1.5 K, compared to the Kyoto agreement of 1997 which contained a value of 2.0 K.
This tightening became necessary for preventing severe climatical consequences especially to
poorer countries in the global south.

Either of these goals can only be reached by tremendous efforts in all parts of the earth. Follow-
ing calculations of the United Nations Environment Programme, CO, emissions will have to be

1



CHAPTER 1: INTRODUCTION

cut by nothing less than 90 % until 2050.[2] Swedish sustainability scientist Johan Rockstrom
proposes a law guiding the path to this ambitious goal: Global CO, emission has to be halved
every 10 years, while at the same time the share of carbon-free energy production is doubled
every 5 to 7 years. The latter of these conditions has already been fulfilled in the last 15 years:
The percentage of emission-free energy production is currently doubling every 5.4 years and
reached a global average value of 2.8 % in 2015.[3] Thanks to extensive subsidies for regen-
erative energies, Germany is one of the leading countries with a ratio of 31.7 % regenerative
electrical energy in 2016.[4]

A steadily growing share of carbon-free energy is provided by photovoltaic power conversion.
Solar radiation is a quasi-unlimited source of energy, which means that it can be exploited for
energetic supply in the long run, far beyond the reach of any natural resources on earth. By di-
rectly converting sunlight into electrical energy, no further transformation process is necessary,
which simplifies the supply chain and evades further losses. In 2015, already 6 % of all energy
consumption in Germany was supplied by solar cells. Thanks to rapid progress in technology
and fabrication, solar energy has become cheaper and cheaper in the last decades. Starting from
1977, when the first commercial silicon solar cell modules cost 76 $ per Watt, the price dropped
to 6 $/W by the year 2000 and is merely 0.37 $/W in 2016.[5] Similar to Moore’s Law for the
development of microprocessor performance, Swanson’s Law has been established from obser-
vations on solar cell fabrication: The price of photovoltaic modules tends to drop 20 percent
for every doubling of cumulative shipped volume. If external costs of energy production like
environmental damage and adverse health effects are added to the price of electrical power,
photovoltaic energy is already cheaper than traditional forms of energy like coal combustion
and nuclear power.[6]

Over the last 40 years, photovoltaic technology has grown from laboratory research to an energy
source which is suitable for the masses. However, modern devices still have their drawbacks.
While device efficiencies in operation steadily approach the boundaries of the theoretically
possible like the Shockley-Queisser limit of maximally 33.2 % power conversion efficiency,[7]
device fabrication still requires a large investment of energy. Typical modern solar modules
made from crystalline silicon have to run for up to 6 years before they reach their energetic
break-even point.[8] In order to compensate for poor light absorption in silicon, active layers
of solar cells have to be as thick as several hundreds of micrometers. Efficient charge transport
can only be provided in a material of high crystallinity. Consequently, a high energy investment
is necessary for crystal growth in device fabrication.

A solution to this dilemma can be provided by new semiconductor materials. Organic semicon-
ductors like small molecules and polymers show a significantly stronger light-matter coupling,
thus allowing for thinner absorption layers by several orders of magnitude. Combining organic
materials of different chemical composition and physical properties, a donor-acceptor system
for efficient charge separation at the interface can be established. The combination of the poly-
mer Poly(3-hexylthiophene) (P3HT) and the fullerene derivative PCBM as the most extensively
studied organic heterojunction delivers power conversion efficiencies of up to 5 % with typical
layer thicknesses of only 50 to 100 nm.[9] Fabrication of organic solar cells is energetically
inexpensive and easily scalable, but their efficiency is seriously limited by poor transport and
extraction of electrons and holes to the electrodes after the charge separation process. Further-



more, low stability of organic materials leads to device degradation under ambient conditions
and requires a chemically resistive encapsulation.

Considering advantages and drawbacks of organic and inorganic materials, the next logical step
is to combine both of them to form a hybrid device. Phyisical limitations of both material
classes can be overcome by exploiting both efficient light absorption in an organic donor and
good transport ability in a crystalline inorganic acceptor material. Previous studies proved the
general functionality of hybrid photovoltaic devices involving several acceptor materials like
7Zn0, CdSe and TiO,.[10-12]

Zinc oxide presents itself as a particularly promising candidate for hybrid photovoltaics due to
its high availability and ease of fabrication. Due to its high work function of ca. 4 eV, it forms
a type II interface with most organic semiconductor materials. Such an energetic situation
is necessary for dissociation of excitons produced by light absorption on either side of the
interface. Furthermore, ZnO allows tailoring of nanostructures like nano-rods and nano-fibers
and can form part of a bulk heterojunction if dispersed as nano-particles. Using these device
morphologies, power conversion efficiencies between 0.5 % and 2 % can be reached.[13-15]
All of them, however, fail to catch up with device efficiencies of bulk heterojunctions of P3HT
and PCBM.

In this work, the physical background for these limitations in hybrid photovoltaic devices will
be elucidated. A detailed physical model for the charge separation process will be derived and
the role of recombination losses will be analyzed. Instead of optimizing device performance,
a simplistic planar device layout with an atomically flat interface is chosen, allowing for ex-
act quantification of photocurrent and losses in order to understand the underlying processes.
Bound states formed by an electron and a hole situated on opposing sides of the hybrid interface,
denominated as hybrid charge transfer states (HCTS) here, play a key role: Only if the Coulomb
interaction between them is overcome, both carriers can reach their respective electrodes and
contribute to a photocurrent. Once electron and hole in an HCTS recombine instead of being
dissociated, they are lost for photocurrent generation and contribute to the pile of photovoltaic
loss instead.

The process of charge separation and physical properties of HCTS will be investigated using
planar model diodes combining a crystalline oxide (ZnO, ZnMgO or SnO,) and the widely in-
vestigated polymer P3HT. A combined analysis of diode characteristics in the dark, photovoltaic
measurements and electroluminescence spectroscopy will provide detailed insight into the pro-
cesses of charge separation and recombination. All measurements are performed over a wide
range of temperatures and thus provide a deep insight into the underlying physical processes.

After this short introduction, the fundamentals of semiconductor physics will be explained in
chapter 2, along with an overview on current knowledge about photodiode device physics.

Donor and acceptor materials used for sample fabrication in this work are presented in chapter
3. Device architecture of model photodiodes is shown and the fabrication procedures are ex-
plained, particularly molecular beam epitaxy (MBE) for inorganic materials and spin-coating
for organic polymers.

All measurement procedures conducted in the research for this work are presented in chapter 4.
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Instrumentation and methods of data analysis are explained in all necessary detail, particularly
for UV photoelectron spectroscopy, photovoltaic measurements and electroluminescence (EL)
spectroscopy.

Chapter 5 is the first chapter to present experimental results. Photovoltaic functionality of pla-
nar ZnO/P3HT diodes is studied here and diode characteristics are analyzed. Electrolumines-
cence spectra of direct recombination of electron and hole in an HCTS are presented. All three
methods allow a rough estimate of the interface energetics between organic and inorganic com-
ponent.

In chapter 6, ZnMgO/P3HT is set up as a model system for a quantitative study of interface
energetics. Variation of the Mg content x in the alloy Zn;_,Mg, O from 0.01 to 0.14 allows to
tune the hybrid energy gap A FEjo between organic HOMO and inorganic conduction band. In
order to derive a detailed model of interface energetics, UV photoelectron spectroscopy mea-
surements of the hybrid gap are compared to the results of temperature-dependent photovoltaic
measurements and spectral positions of HCTS EL peaks. An in-depth study of EL spectra and
their transients provides insight into the HCTS recombination process. From a temperature-
dependent analysis of the photovoltaic quantum efficiency a multistep model for the charge
separation process in a hybrid photovoltaic device can be postulated and insight into thermal
activation energies of the underlying processes can be gained.

The combination of tin oxide and P3HT is presented in chapter 7 as an alternative material
following reports on rapid and efficient charge separation at a SnO,/organic interface.[16] The
photovoltaic potential of this material combination is evaluated and the possible influence of
interfacial trap states in SnO,/P3HT diodes is discussed.

In chapter 8 the experimental results gained in the three previous chapters are compared in
the search of a common model for charge generation in inorganic/organic hybrid photovoltaic
devices. Qualitative differences between the three material systems are discussed and their
overall photovoltaic efficiency is evaluated.

Chapter 9, provides the final conclusions gained in the course of this work. This includes a
summary on HCTS and their role in photovoltaic power conversion. The models for charge
separation and recombination losses are described in brief, and an overview on interface ener-
getics and photovoltage losses is given for all three material systems. At last, a path towards
more efficient photovoltaic devices is shown by learning the lesson from the race between dis-
sociation and recombination of carriers at the hybrid interface.

These results will hopefully contribute to the future development of photovoltaic devices, which
unify high conversion efficiencies and low production cost both in money and primary energy.
Furthermore the use of toxic materials and limited mineral deposits can possibly be reduced
by intelligent combinations of such disparate substances like inorganic crystals and organic
molecules or polymers. Facing a steadily increasing demand for electric energy around the
globe, a "Herculean effort” will be necessary in the transformation towards carbon-free energy

supply.[3]

“There is no lack of renewable energies. There is a lack of time.”
(Hermann Scheer 1944 - 2010, German politician)

4



Chapter 2

Fundamentals

In this chapter, fundamental knowledge on semiconductor materials and device physics neces-
sary for understanding the process of photovoltaic power conversion in hybrid inorganic/organic
photodiodes will be provided.

The first section gives a brief description of inorganic and organic semiconductor materials
and introduces the concept of excitons and charge transfer states. In the following, different
categories of photovoltaic devices are presented. A schematic outline of the physical processes
converting optical excitations into an electric current is drawn for each device type.

Finally a general overview on device physics of hybrid inorganic/organic heterojunctions is
given along with the essential parameters for assessment of device performance. The influence
of radiative and non-radiative recombination is discussed as well as the role of hybrid charge
transfer states and transport phenomena.

2.1 Basic Semiconductor Physics

In a single atom or small molecule, an electron is only allowed to occupy certain discrete energy
levels. Depending on the number of electrons in a system, these states can be either occupied by
an electron or unoccupied. In the absence of thermal fluctuations, the Fermi energy Fr marks
the energy of the highest occupied state with only unoccupied states following above. In an
extended crystalline solid, these discrete energy levels expand to a continuum of states as a
consequence of interactions with a regular lattice. Consequently, a band structure is formed,
providing "allowed’ energy ranges which can be populated by electrons and ’forbidden’ energy
gaps without available states. Depending on the energetic positions of occupied and unoccupied
bands in relation to the Fermi energy, all crystalline solids can be subdivided into three classes:
Isolators, semiconductors and metals.[17]

In an isolator, the gap between fully occupied and unoccupied states is so large that hardly any
electrons can reach excited states allowing for charge transport. Consequently, all electrons are
bound to their sites in the lattice and no electric current is possible by applying an external bias

5
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to the solid.

In a metal, the Fermi energy is situated within a band of states, which is then partially occupied
with electrons. This mixture of electrons and free sites allows them to move around freely in
the solid, which thus is conductive.

A semiconductor is a material, in which the gap of *forbidden’ states between the highest occu-
pied energy band (valence band) and the lowest unoccupied band is small enough that a certain
amount of electrons can populate the region above the forbidden zone, which is then called
"conduction band’. Charge transport is possible by either moving electrons in the conduction
band or unoccupied states in the valence band. These empty sites are commonly called "holes’
and can be treated as a quasi-particle with a positive charge. Applying an external bias to a
semiconductor material, holes appear to be moving in the opposite direction of the electron
flow. Consequently, the transported charge is the sum of electron and hole current. Apart from
thermal excitation, the concentration of free carriers in a semiconductor can also be manipulated
by optical excitation or electric fields.[18]

2.1.1 Excitons in Semiconductors

When a photon is absorbed by a semiconductor solid an electron from the valence band or
highest occupied orbital is lifted into the conduction band or lowest unoccupied orbital whereby
a hole remains in its previous site. Electron and hole interact with each other by Coulomb
interaction and can form bound states. Depending on the dielectric constant of the environment
excitons can take different shapes, which are characterized by two limiting cases: Wannier-Mott
excitons and Frenkel excitons.

2.1.1.1 Wannier-Mott Excitons

In materials with a high dielectric constant the interaction between charged carriers is signifi-
cantly reduced. This leads to a large binding radius between electron and hole of an exciton,
extending over many unit cells. Electron and hole can be described as separate particles, form-
ing a system of a positive and negative charge which can be described by the same quantum
mechanical model as a hydrogen atom.[19] The binding energy of Wannier-Mott excitons in in-
organic crystalline materials is as low as a couple of meV, which in some materials like silicon
directly leads to direct dissociation due to thermal activation at room temperature. In other crys-
talline semiconductors like ZnO Wannier-Mott excitons are stable at room temperature with a
binding energy of ca. 60 meV. This leads to a stronger light-matter coupling, which even allows
to reach the strong coupling regime in suitable cavity structures.[20]

2.1.1.2 Frenkel Excitons

In semiconductors with a low dielectric constant and little screening the strong interaction be-
tween electron and hole results in a small exciton binding radius. The electron-hole pair can
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then be treated like a single particle.[21] A typical binding radius of a Frenkel exciton is at the
scale of a unit cell of a semiconductor. Particularly in organic semiconductors this behavior can
be observed, where electron and hole can both be located even on the same molecule like in
fullerene. The binding energy of a Frenkel exciton can be in the range of 100 meV up to 1 eV.

As the sum of charges in an exciton is zero they barely interact with a neutral crystal lat-
tice in their surroundings. Consequently excitons are mobile in semiconductors which can
be described as a diffusion or hopping process. Exciton diffusion lengths can vary from a
few nanometers in organic molecular systems or polymers[22] to over 1 um in perovskites.[23]
Transport phenomena in disordered organic semiconductors are described in more detail in sec-
tion 2.3.7.

2.1.2 Charge Transfer States

A charge transfer state (CTS), a special type of bound state between an electron and a hole can
form at the frontier between two different semiconductor materials when electron and hole are
residing on different sides of the interface. A fundamental requirement is a so-called staggered
gap or type II level alignment, when both electron affinity and ionization potential of one ma-
terial are higher than their counterparts on the other side of the interface. The component with
the lower electron affinity and ionization potential is then called the donor, the material with the
deeper lying energy levels is the acceptor. Between valence band or HOMO of the donor and
the conduction band or LUMO of the acceptor an interface energy gap A Fpy is formed which is
smaller than either of the band gaps of both materials. In case of a hybrid heterojunction formed
by an organic donor and an inorganic acceptor this energy gap will be denominated A Ejo.

The properties of a charge transfer state are determined by the materials on both sides of the
heterojunction as the wavefunction of an electron-hole pair extends to both sides of the inter-
face. Its spatial extension into each of the components depends on the dielectric function of the
materials, as on both sides different screening effects are active. The interaction between elec-
tron and hole can be described by a spatially averaged form of Coulomb’s law which accounts
for the different contributions of both materials to the hybridized state:

2

Eg(r) =

4mer

2.1)

where ¢ is the elementary charge, r the binding radius of electron and hole and € = ¢ - €, is
the averaged dielectric constant in the interface region, calculated as a weighted average over
donor and acceptor material. The transition energy of a charge transfer state is then given by
the interface energy gap reduced by the binding energy of the charge transfer state:

Ecrs = AEps — Ep. (2.2)

In case of a very loose binding between electron and hole, the binding energy can be neglected
and the transition energy of a CTS approaches the interfacial energy gap.
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Ecrs =~ AFEpy (2.3)

In many inorganic heterojunctions the binding energy Epg is small compared to the thermal
energy kgl at room temperature and CTS instantaneously dissociate into free charges.

2.1.3 Charge Transfer States at Organic Interfaces

In organic photovoltaic systems like heterojunctions of polymers (e.g. P3HT or PTB7) and
fullerenes or fullerene derivatives (e.g. PC7;0BM) charge transfer states and their role in the
charge generation process have been extensively studied in recent years.[24] The wavefunction
overlap of electron and hole has been found to be large enough to observe radiative recombina-
tion of charge transfer states both in electroluminescence[25, 26] and photoluminescence.[27]
In bulk heterojunctions with their enhanced interface area, direct absorption of charge trans-
fer states in organic donor-acceptor systems has also been observed, relating the properties of
CTS to a combination of both materials involved.[25, 28] Due to the low dielectric constants in
organic materials the binding radius of charge transfer states is assumed to be small and the car-
riers tend to be localized in direct proximity of the interfaces with a comparatively high binding
energy. However no thermally activated dissociation of electrons and holes from charge transfer
states have been observed in photovoltaic measurements so far.

In photoluminescence quenching measurements under an external electric field the binding en-
ergy of a CTS in a polymer-fullerene system has been determined to be as small as 46 meV,
compared to values of ca. 400 meV for singlet excitons in a pristine polymer.[29] This indi-
cates that even in organic systems, the excitonic binding across an interface is rather loose.
Under these conditions, thermal fluctuations in the molecular order at the interface are likely
to facilitate charge separation. Furthermore, the role of tunneling processes,[30, 31] dynamic
disorder and entropy[32] have been discussed to explain the absence of a thermal activation of
photocurrent generation.

L]
Organic Organic

Figure 2.1: Schematic depiction of a charge transfer state at the heterojunction between an organic
donor (red) and an organic acceptor (blue).
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Charge transfer states have shown to be the decisive element in mediating the photovoltaic pro-
cess in organic solar cells and determining all parameters of the resulting solar cell. Especially
the open circuit voltage V¢ (see section 2.3.1) has been closely related to the interface energy
gap at an organic heterojunction.[25, 33—-36] On the other hand radiative and non-radiative in-
terface recombination have shown to be the dominating loss mechanism in organic solar cells.
Charge transfer states at photovoltaic heterojunctions are steadily subjected to a competition
between dissociation and recombination. Only if they dissociate into free carriers fast enough
they give rise to a photocurrent, otherwise they are annihilated and contribute to the losses,
regardless of the exact mode of radiative or non-radiative recombination.

By means of Marcus theory (see 2.3.3) the transition energy of a charge transfer state has been
connected to both emission and absorption processes at an interface.[25] Once its binding en-
ergy is known, UV photoelectron spectroscopy provides another access to the determination of
Ecrs.[33]

2.1.4 Charge Transfer States in Hybrid Inorganic/Organic Heterojunc-
tions

In recent time, existence and properties of hybrid charge transfer states (HCTS) at interfaces
between inorganic and organic materials have become an important question. Due to the higher
charge mobility and larger dielectric constant of crystalline inorganic semiconductors HCTS are
expected to be even less localized on the inorganic side (see figure 2.2), which favors their dis-
sociation and facilitates photovoltaic energy conversion. However, ab-initio calculations by Wu
et. al. proposed the existence of bound charge transfer states between ZnO and polymers[37]
and located them in close proximity to the interface, in contradiction to previous expectations.
This would make them an obstacle in charge separation at photovoltaic heterojunctions which
has to be overcome. In pump-push measurements by Vaynzof et. al. the contribution of HCTS at
a ZnO/polymer interface to photovoltaic performance and the photocurrent losses due to HCTS
recombination have been shown.[38]

s - 5

HCTS

Inorganic  Organic

Figure 2.2: Schematic depiction of a hybrid charge transfer state at the heterojunction between an
organic donor (red) and an inorganic acceptor (blue).
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Direct absorption of HCTS at an interface of ZnO and small molecules have been shown by
Piersimoni et. al. as well as their radiative recombination in electroluminescence measure-
ments.[39] It has been shown that the transition energy of HCTS is directly linked to the in-
terface energetics. It can be manipulated by application of self-assembled monolayers on the
ZnO surface introducing an interface dipole between inorganic and organic component.[39, 40]
Still subject of broad discussion is the exact shape of charge transfer states and their spacial
extension into both inorganic and organic layer. Furthermore, it remains unclear, whether elec-
tron and hole are either trapped in a surface state or able to move freely in the conduction band
while they form part of an HCTS.[41] Extensive theoretical work on the effect of HCTS in
inorganic/organic structures has been done by Renshaw and Forrest.[42)]

The transition energy of an HCTS FEycrs is determined by the energetic difference A Ejo be-
tween the bands or orbitals, in which electrons and holes are situated. The strength of Coulomb
interaction imposing a binding energy Fg has to be subtracted from this value.

FEyucrs = AEo — Ep (2.4)

If only band-to-band transitions are considered, AFEjo is defined by the difference between
inorganic conduction band and organic HOMO. For systems involving carriers in localized trap
states, Eycrs 1S further reduced by the energetic depth of traps.

In this work the existence of hybrid charge transfer states on several inorganic/organic inter-
faces will be proven by electroluminescence measurements. A connection between interface
energetics, HCTS transition energy and photovoltaic properties will be established, and the role
of HCTS in the charge separation process will be elucidated. Finally the origin of losses in
photovoltaic performance will be identified and a strategy to overcome this drawback will be
proposed.

2.2 Photovoltaic Power Conversion

A solar cell is a contraption for direct conversion of incident light into electrical energy. The
energy carried by photons serves to generate pairs of opposite charges which are extracted to
two separate contacts of the device, cathode and anode. The potential difference between them
allows to drive a load circuit using the energy converted from absorbed light.

2.2.1 Different Types of Photovoltaic Devices

For establishing a solar cell, at least one semiconducting material is necessary. Depending on
their internal functionality, photovoltaic devices can be divided into several types. Two device
concepts which form extreme points in functionality will be presented here in detail: p-i-n
junction and donor-acceptor heterojunction. Two other commercially relevant device types,
dye-sensitized solar cells and Perovskite cells can be seen as intermediate points between both
previously mentioned concepts and are briefly presented here.[43]
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p-i-n Junction Solar Cells

In a p-i-n junction (or p-n junction) a slab of an undoped crystalline semiconductor is sand-
wiched between two collector layers, of which one is n-type doped with foreign atoms forming
donors and the other p-type doped in order to form acceptor states.[18, 44] Upon light absorp-
tion in the intrinsic i-type layer, the emerging excitons are dissociated rapidly from each other
by thermal energy at room temperature and able to diffuse freely through the crystalline lattice.
When reaching the doped layers of the devices, electrons and holes get extracted by the n-type
and p-type doped layers, respectively. Commonly, the absorption layer also has a slight back-
ground doping, forming a space charge region which provides an electric field across the device
and thus accelerates both types of carriers towards the doped regions on the top and bottom of
the device. The most common material for p-i-n type solar cells is silicon. It provides rapid ex-
citon dissociation and high carrier mobilities. Its low absorption coefficient, however, requires
active layers in single-crystalline quality of more than 100 um thickness to collect enough light
for efficient power conversion. High consumption of material and power in the fabrication pro-
cess curtail both ecologic benefit and economic prospects of silicon solar cells. Their efficiency
is approaching the technical limit of 33.2 % set by the Shockley-Queisser limit,[7] the best effi-
ciency of a silicon single junction cell is noted at 25.6 % as of 2014. In recent years, alternatives
to single-crystalline silicon were investigated like the use of polycrystalline silicon as well as
thin-film solar cells with reduced material consumption.

Donor-acceptor Solar Cells

In a donor-acceptor or excitonic solar cell, light absorption does not produce free electrons and
holes instantly. Instead, both carriers are tied to each other by Coulomb interaction and form
an exciton. The energy necessary for its dissociation exceeds the thermal potential at room
temperature. Consequently an interface between donor and acceptor material is necessary for a
sufficiently strong electric field as driving force to separate electron and hole from each other.
After charge separation electrons and holes are collected by electrodes. Suitable interlayers
adjacent to the electrodes can offer selectivity for electrons or holes in order to prevent leak-
age current of the *wrong’ carrier type as this would reduce the charge separation efficiency.
The most common form of donor-acceptor heterojunctions are organic solar cells with an inter-
face involving polymers or small molecules as donor and fullerene or its derivatives as acceptor.
Recent organic solar cells offer power conversion efficiencies over 10 % and are currently reach-
ing the threshold of widespread commercialization.[45—47] In this work an alternative form of
donor-acceptor heterojunction will be discussed, the combination of a polymer and a crystalline
wide band gap semiconductor. Therefore the function of this device type will be discussed in
section 2.2.2 in more detail.

Dye-sensitized Solar Cells

In dye-sensitized or Grditzel cells[48] a molecular dye attached to an wide band-gap semicon-
ductor surface acts as light absorber. Charge separation occurs by injection of an electron from
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the dye molecule to the conduction band of the solid. After passing the consumption circuit the
electrons get injected into an electrolyte solution. From there they diffuse back to the oxidized
dye molecule in order to reestablish its oxidized ground state. Dye-sensitized solar cells can be
seen as a special form of donor-acceptor system in which not single charges are mediating the
conversion process, but whole charged particles. As charge separation can only occur where
solid absorber and electrolyte solution are in contact only the direct proximity of the interface
can contribute to energy conversion. Therefore the dye molecules are commonly anchored in a
porous 3D matrix of a wide gap semiconductor like TiO,. Current prototypes of dye sensitized
solar cells offer conversion efficiencies of more than 10 %. However, rapid degradation limits
the practical use of this device type.

Perovskite Solar Cells

Lately, a new class of photovoltaic devices has rapidly emerged, reaching impressive conver-
sion efficiencies after only few years of development.[49] In perovskite solar cells, the active
medium is formed by a cubic crystalline metal halide framework embedding small organic
ions. Perovskites allow a high carrier mobility and strong optical absorption at the same time,
which are very favorable properties for photovoltaic devices. The functionality of perovskite
cells is similar to a p-i-n junction. The interplay of organic and inorganic materials, however,
also resembles charge separation mechanisms of donor-acceptor heterojunctions. In recent de-
velopment, halide perovskite solar cells reached efficiencies of over 20 %.[50] On the way to
commercialization two issues still have to be solved: Device stability and the use of toxic in-
gredients like Pb which are banned from electronic devices e.g. by directives of the EU.[51]

2.2.2 Donor-Acceptor Heterojunctions

In a donor-acceptor heterojunction charge separation occurs at the interface between two dif-
ferent materials. Commonly, the donor acts as light absorber, providing excitons for charge
separation, but in certain material systems both components can give their contribution. Due to
their very effective light-matter coupling, organic semiconductors offer the possibility to reduce
the thickness of absorber layers in photovoltaic devices to the range of 100 nm and less.

The fundamental requirement for charge separation in a donor-acceptor heterojunction is a
type II energy level alignment or staggered gap at the interface. Both ionization potential
and electron affinity of the acceptor material have to be higher than their counterparts of the
donor. The difference in electron affinity A Ec provides the driving force for an electron in the
donor’s LUMO to transfer to the acceptor material while the difference in ionization potentials
AFEy forms a barrier which impedes the transfer of holes to the acceptor as depicted in figure
2.3. The energy difference between the HOMO or valence band maximum of the donor and the
LUMO or conduction band minimum of the acceptor will be called interface energy gap in the
following, and denominated A Ep, for organic donor-acceptor systems respectively AEjo for
inorganic-organic hybrid systems.

Light absorption in the acceptor provides the reverse case in which only holes can transfer to the
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Figure 2.3: A type Il interface formed by an organic donor and an inorganic acceptor. Power conversion
occurs by light absorption in the donor and subsequent electron transfer to the acceptor.

donor material and electrons are blocked by the energy difference between the LUMO orbitals
or conduction band. Consequently in donor-acceptor heterojunction solar cells light absorption
in both components can contribute to a photocurrent as it has already been observed in the most
common combination for organic photovoltaics of the polymer poly(3-hexylthiophene) (P3HT)
and the fullerene derivative PCBM.[52]

Charge separation in donor-acceptor heterojunctions can only occur if the excitons produced
upon light absorption reach the interface between donor and acceptor material before they re-
combine. Consequently, the limited exciton diffusion length in all organic semiconductor re-
stricts the power conversion process to a thin slab of a few nanometers in direct vicinity of
the interface.[22] Therefore, in order to increase the attainable photocurrent, the contact area
between donor and acceptor has to be maximized by employing nanostructured surfaces, bulk
heterojunctions or nanoparticles. In hybrid photovoltaics commonly the acceptor material is
replaced by a crystalline inorganic semiconductor which provides efficient charge transport at
the cost of a weaker light absorption ability. As a consequence in most hybrid systems only
light absorption in the donor material significantly contributes to power conversion.

A crucial parameter for the performance of a donor-acceptor heterojunction is the charge sep-
aration efficiency at the interface. After transferring an electron from the LUMO of the donor
to the LUMO or conduction band of the acceptor both charge carriers still are subjected to an
attractive Coulomb interaction, so they can form bound states at the interface, so called hybrid
charge transfer states (HCTS). If full charge separation is not possible during the mean lifetime
of an HCTS, losses due to interfacial recombination will decrease the device efficiency. The
properties of HCTS in different photovoltaic systems are discussed in section 2.1.4.

In summary the efficiency of a donor-acceptor heterojunction as a photovoltaic device is a prod-
uct of six independent factors

71 = Nabsorption * Tldiffusion * Ttransfer * Tldissociation * Ttransport * Tlextraction (25)
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of which 7psorpiion 18 the absorption coefficient of the donor layer, 7gisusion describes the proba-
bility of an exciton to diffuse to the interface. 7yanster 1S the probability of a charge tranferring to
the acceptor and it depends on the coupling strength of donor and acceptor material, 7gissociation
is the ratio of electron-hole pairs dissociating at the interface, 7yansport gives the transport ef-
ficiency for single charges to the opposing electrodes and 7exaction represents the extraction
efficiency of single charges into the contacts and further into the consuming circuit. All six
parameters depend on the choice of materials in the device, but only the efficiencies of charge
dissociation,[53] transport and extraction depend on the electric field in the device.

2.3 Photovoltaic Device Physics

2.3.1 Photodiode Modeling and Performance Parameters

In the following section, the theoretical description of a photovoltaic device will be given. Al-
though the model also applies to purely inorganic and organic devices, the nomenclature for
hybrid inorganic/organic solar cells consisting of an organic donor and an inorganic acceptor
will be used here. A photovoltaic device can be described as a diode combined with a cur-
rent source providing the photocurrent density J,;, in opposite direction. The current-voltage
characteristic of this model is described by the Shockley equation

y
J=J [exp (&J) - 1} — Jon (2.6)

where Jj denotes the saturation current density of the diode and ¢ the elementary charge. The
product of the Boltzmann constant kg and temperature 7" gives the thermal energy (ca. 25 meV
at room temperature). V' is the external bias applied to the device, while the ideality constant
n is connected the mechanism of charge recombination in the device. It will be discussed in
greater detail in section 2.3.4.

In real photovoltaic devices leakage current and series resistance have to be considered. Shunts
contributing to a parasitic current in the device can be represented by a parallel resistance I,
while all contact resistances and voltage losses over the cross-section summarize to a series
resistance R;. Both phenomena can be included in an extended formulation of the Shockley
equation:

V — JR V — JRs
J = =]0 |:6Xp (ﬂT}J)) — 1:| + T — Jph (27)
P

Due to the implicit formulation of the current, analytical solutions to this model are only possi-
ble by the use of a Lambert omega function.[54] For practical purposes, commonly a numerical
approach is chosen.

Although the described model was originally established for modeling inorganic solar cells,
it has been successfully applied in the description of both organic[33] and inorganic-organic
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hybrid photovoltaics.[55] If the current is limited by a space charge region in one of the layers
a drift-diffusion model under non-equilibrium conditions yields a more accurate description of
real devices, see section 2.3.8.

The resulting relation between voltage and current from the Shockley model yields a small sat-
uration current density in backward direction and an exponentially growing current in forward
direction which is limited by the series resistance for higher forward bias. In the following
work, all current quantities will be given as current densities to ensure comparability between
different sample geometries.

There are three important parameters to assess the performance of photovoltaic devices: The
short-circuit current Jsc, the open-circuit voltage Vo and the fill factor ngp. Under zero applied
bias, the short circuit current Jsc of a photodiode can be measured in reverse direction. It de-
pends on illumination density. As interface recombination also contributes to the balance under
these conditions Jsc is not the exact number of photogenerated carriers. The photocurrent Jp,
is a theoretical value which cannot be measured experimentally. Commonly, the photocurrent
is assumed to be constant over voltage as a good approximation, and Jp, is replaced by Jsc at
zero external bias.

At open circuit voltage V¢ the net current of a photodiode vanishes. Under these conditions
the number of photogenerated carriers is exactly equalized by the the number of carriers recom-
bining in the diode. In organic photodiodes the open circuit voltage is assumed to be defined by
the splitting of the quasi Fermi levels for electrons and holes.[25, 34]
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Figure 2.4: A typical J-V characteristic of a photodiode in the dark (dashed line) and under illumination
(solid line). The short circuit current Jsc, the open circuit voltage Vo, the maximum power point MPP
and the areas defining the fill factor npr are marked.

In the range between short circuit and open circuit voltage the product J - V' of applied voltage
and current density is negative, which means that the photodiode is actually converting light into
electric power. In order to obtain the highest possible power conversion efficiency, the solar cell
is operated at the voltage Vypp for which the output power is maximal. This point is called the
maximum power point (MPP), yielding the current density Jypp. The fill factor (FF) 7 is a very
common figure for determining the charge extraction efficiency in a photovoltaic device. It is
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defined as the ratio between the maximal power output Jypp - Viypp and the product Jsc - Voc. It
is a measure for charge separation efficiency[56] and is reflected in the shape of the J-V curve.
A shunted device with a dominating Ohmic parallel resistance combined with a photocurrent
source has a fill factor of 25 % while the best commercially available solar cells have fill factors
of over 80 %. In figure 2.4 it is depicted how the fill factor can be obtained as the ratio between
the rectangles formed by the MPP respectively Jsc and Voc.

The fill factor is necessary to calculate the power conversion efficiency (PCE) of a solar cell:

Prax _ JImpp - Vvipp _ nee - Jsc - Voc

PCE =
plight plight Plight

(2.8)

It is given as the ratio of maximal electric output power per incident light intensity for an actual
device in operation. If possible all three parameters Jsc, Voc and ngr should be maximized at
the same time to obtain best solar cell performance.

In order to compare performances of different solar cells not only the illumination density has
to be equal. Due to varying spectral sensitivities of the involved materials a standardized il-
lumination spectrum is necessary. Such a measurement standard has been established by the
American Society for Testing and Materials (ASTM) with the standard ASTM G173.[57] The
testing conditions for photovoltaic devices are fixed by the following parameters: 25 °C device
temperature, 100 mW /cm? illumination density and an air mass 1.5 global (AM 1.5G) spec-
trum simulating an extraterrestrial sunlight spectrum (air mass 0, AM 0) passing through 1.5
times the earth atmosphere corresponding to an angle of incidence of 48.19°. Global irradiance
means that also sky diffuse and diffuse reflected by soil are included in the spectrum. Both
spectra AM 0 and AM 1.5G are shown in figure 2.5.
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Figure 2.5: Reference spectra AM 0 (extraterrestrial) and AM 1.5G (air mass 1.5 global) according to
standard ASTM G173.[57]

A closer look to the physical processes inside a solar cell can be gained by investigation of the
spectral dependence of the power conversion process. Therefore a second measure for the cell
efficiency has been defined, the external quantum efficiency (EQE) or incident photon to current
efficiency (IPCE). It is defined as
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E Jsc(FE)
EQE(F) = ———. (2.9)
( ) q -Plight(E )
The ratio ésil((EE)) is the spectral response of the device, indicating the produced current per light

intensity at a certain photon energy E. The external quantum efficiency is the ratio of output
electrons per incident photons for each photon energy E. It can often be used for assessing
different physical processes in solar cells as it is commonly related to the absorption spectra
of the active materials of a solar cell. For calculation of the EQE of a solar cell the incident
light spectrum has to be measured in advance with a calibrated photodetector, for subsequent
normalization of the measured photocurrent with the light spectrum.

2.3.2 The Detailed Balance Limit

In 1961 Shockley and Queisser published an analytical description for pn-homojunction solar
cells in which they postulated a thermodynamical limit for the efficiency. A solar cell without a
concentrator placed on earth can achieve a maximal power conversion efficiency of 33.2 %.[7]
They described a solar cell as a radiating blackbody, which is in contact with an environment
of the same temperature while being exposed to sunlight. Later their model has been extended
towards excitonic and bulk heterojunctions which impose further efficiency reductions due to
internal energy offsets and finite exciton diffusion length.[58, 59] These considerations allow an
accurate description in order to predict the maximally attainable open circuit voltage depending
on temperature and material combination.

2.3.2.1 Sun and Solar Cell as Radiating Black Bodies

Following Kirchhoff’s law of heat radiation every body in thermal equilibrium emits electro-
magnetic radiation equivalent to its own absorption maintaining its temperature constant.[60]
Both solar cell and sun can be described as black bodies with temperatures 7.; ~ 300 K and
Tywn = D778 K. A solar cell in the dark is then itself subjected to a photon flux spectrum from
its environment matching its own temperature.

2m E

where E is the photon energy, i the Planck constant, ¢ the vacuum speed of light and kg'l" gives
the thermal energy. For simplicity of the calculations, only vertical incidence and emission
are considered here. Since the black body is a solar cell, each incident photon will generate
an electron-hole pair with a probability corresponding to the external quantum efficiency of
the solar cell EQEpy. Under illumination by the sun a solar cell produces an excess current,
corresponding to the short circuit current density Jsc described in the previous section[61]:
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Jsc = Q/OO EQEPV(E) ’ tsq)sun(E> dE (2-11)
0

with @, corresponding to the spectrum of a black body at 7§, = 5778 K according to equation
2.10. The factor t, = 2.8-10~° accounts for the fact that the sun emits its radiation isotropically
into all directions, but only covers the fraction ¢ of the spherical angle when seen from earth.

In absence of external illumination, the solar cell is only exposed to thermal radiation from
its immediate environment. The photocurrent it produces then corresponds to the blackbody
radiation at its own temperature, weighted by its own photon-to-current quantum efficiency:

Jsco =4 / EQEpy (E) - ®f,(E) dE 2.12)
0

®l, (E) gives the spectrum of the ambient photon flux at temperature 7'. As in thermal equilib-
rium the total current of a solar cell is zero, this dark’ photocurrent must be accompanied by a
recombination current Jen o at the heterojunction. This even holds true for every photon energy
on its own and results in the detailed balance[61]:

0Jsco(E) = 0Jemo(E) = qEQEpy(E) - Ty (E). (2.13)

This reciprocity relation can be used to predict the electroluminescence spectrum of a solar cell
once the external quantum efficiency is known and vice versa. The integrated quantity Jem o
corresponds to the reverse saturation current .J, which was introduced before, and the Shockley
equation for an ideal diode can now be reformulated as

%4 Vv
J(V) = Jem,0 €XP (l{i_T) — Jsco = Joexp <;B—T — 1) (2.14)

with the external bias V' applied to the diode. Under open circuit conditions, recombination
current and photocurrent cancel out each other, which gives the open circuit voltage as

J.
¢Voc ~ ksTln (Ji; + 1) : (2.15)

This holds true if ¢Voc > kgT' and Jy, is assumed to be independent from applied voltage, so
that Jgc = Jyn remains as a constant.

The dark recombination current Jy is produced when electrons surpass the energetic barrier
imposed by the interface energy gap AFEjo. Under presence of bound charge transfer states at
the interface, the energetic barrier is reduced by their binding energy Fg. As the strength of
HCTS binding and its influence on the device behavior is not yet clarified, the transition energy
Eucrs = AFEjo — Ep will be used in the following in order to give a more general expression.
The thermally activated recombination current can be described as
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~F
Jo = Joo - €xp ( k‘*;“) (2.16)
B

where the temperature-independent prefactor .Jyg describes the coupling strength between the
donor and acceptor material of the heterojunction. This definition placed in equation 2.15 yields
the relation

J
qVoc = Encrs — kT’ In (J—OO) : (2.17)
sc

This gives a very general relation between the open circuit voltage of a diode and the energetic
lineup at the interface. The transition energy Eycrs is the theoretical maximum value for the
open circuit voltage Voc max, the second term gives the photovoltaic losses due to carrier recom-
bination. These are only suppressed as the temperature approaches 0 K. In many real solar cells
the short circuit current Jsc is approximately independent from temperature in a certain range
of temperature (e.g. between 200 K and 300 K) which allows to extend the curve of V¢ over T'
from this range to 0 K) in order to obtain a good estimate for Voc max-[25]

2.3.3 Absorption and Emission of Charge Transfer States

Marcus theory[62] provides a framework to describe both absorption and emission spectra of a
system where excitation is connected to an electron transfer. In both cases it yields a Gaussian
lineshape with a variance of ¢. In a planar heterojunction, the resulting IPCE peak from direct
charge transfer absorption is centered around the energy £ with the variance o:

Eo— E)?
EQEpy (E) = EL\/z_m exp (—%) (2.18)

The prefactor f here is a product of absorption coefficient and coupling strength between donor
and acceptor material. The corresponding emission intensity is

Ey— 2 — E)?
IEL(E):E-\/;C_;OeXp <—( ° o )> (2.19)

with the coupling constant f; here, which like f is independent from FE.[25]

Absorption and luminescence spectra are two normal distributions with a variance of o mirrored

2 . . . ..

at the energy Lo — 57 which can be associated with the transition energy of the charge transfer
.. . 2

state Fycrs (see figure 2.6). If the transition is homogeneously broadened then A\ = 2;’?

the reorganization energy while in case of inhomogeneous broadening QZBQT is the averaged

transport energy from an arbitrary initial state in the potential landscape to a state of thermal

equilibrium, independent of the exact broadening mechanism.[63]

1S

The variance of a homogeneously broadened transition is directly related to the reorganization
energy by o, = 2\ - kgT. In case of an inhomogeneous broadening the variance is given
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Figure 2.6: Absorption and emission spectra of a hybrid charge transfer state simulated as Gaussian
2

peaks. Their maxima are separated by twice the reorganization energy energy A = ZI;TT’ mirrored by the

HCTS transition energy Eycrs.[62]

by o = /o + o comprising the contributions of homogeneous and inhomogeneous broad-
ening. In organic photovoltaics both electroluminescence and direct absorption from charge
transfer states have been measured and confirmed the predictions of Marcus theory.[25] The
reorganization energy A strongly depends on the materials present in the heterojunction. It can
be disentangled into separate contributions of donor and acceptor, which for small molecules
range from 60 meV to almost 500 meV.[64]

2.3.4 The Role of Non-radiative Recombination

Up to this point all considerations were made about ideal photodiodes which only show recom-
bination between two free charge carriers and excluding all kinds of non-radiative processes.
However, non-radiative recombination has a serious impact on the functionality of real devices,
so this has to be accounted for in related theory.

Traditionally it is assumed that the ideality factor n is connected to the predominant mech-
anism of charge recombination, n ~ 1 for band-to-band transitions of free carriers, n ~ 2
for recombination occuring at localized traps at the donor-acceptor interface described by the
Shockley-Reed-Hall statistics. Recent work, however, has pointed out the more complex origin
of this parameter, so that even ideality factors larger than 2 have their physical meaning.[56, 65,
66]

The prefactor J; to the single-exponential Shockley equation (equation 2.6) is commonly re-
ferred to as “reverse saturation current” originating from the assumption that it can be readily
measured by reverse biasing the diode. Recently it has been pointed out by Cuevas that “ther-
mal equilibrium recombination current” would be a much better term[67] as it bears much more
physical meaning. Its value is closely connected to the materials involved in the heterojunction
as well as the device temperature. In the ideal Shockley model presented before, J; is indepen-
dent from applied bias V' or incident photon flux ¢. In actual devices, however, .Jy depends on
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the operating conditions and is thus a variable parameter Jy = Jo(V, T, ¢).

In order to obtain a constant value for the recombination current prefactor, its voltage depen-
dence can be extracted by introducing an ideality factor n to the exponential term in the Shock-
ley equation:[65]

J(V) = Jo(V) - (exp (]jB—VT) - 1) = Jom - (exp (ngB/T) - 1) (2.20)

In this equation, the prefactor Jy,, it then independent from the applied bias. The ideality
factor n must also account for the presence of non-radiative recombination processes which
contribute to the total recombination current. The radiative quantum efficiency EQEg; gives the
ratio between the radiative recombination current J,,4 and the total recombination current .J and
can be voltage-dependent itself. The prefactor .Jy can be separated into the shares of radiative
and non-radiative processes.

1

Jo(V) — J(r)ad + J[r)lonrad(v) — Jéad X EQEEL(V)

(2.21)

The process of radiative recombination is only regulated by thermodynamics and ideally only
depends on the population of energy levels involved in the recombination process.[43] Non-
radiative processes, however, can be greatly dependent on the applied bias to the heterojunction.
Consequently, the radiative quantum efficiency also inherits a voltage dependence.

In the analysis of data presented in this work, the denomination .J; will be used to represent
the voltage-independent prefactor .J; , whenever the whole recombination current of a diode is
discussed and an ideality factor n is present in the model.

2.3.5 Thermal Activation of the Recombination Current

As clarified before in equation 2.16, the equilibrium recombination current .Jy of a diode is a
thermally activated quantity. While in an ideal diode only the Boltzmann statistics regarding
the transition energy Fycrs determines thermal activation, the activation energies measured in
actual devices are smaller. In order to account for non-radiative processes, an effective gap
energy AF.; = 248 scaled down by its own ideality factor n’ has to be introduced.[68]

n/

AFE, E
Jo = Joo - exp ( - Tff) = Joo - exp ( HCTS) . (2.22)
B

According to Potscavage et. al., the ideality factors n and n’ are intrinsically different from
each other, but are usually regarded as the same figure for practical purposes.[68]

Knowledge about the temperature dependence of .J, allows the formulation of a factorized ver-
sion of Shockley’s law,[65] if ¢V /kgT > 1:
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B —Encrs v\ qV — Encrs
J = Joo exp( kT > exp (nk:BT> = Joo exp( kT ) (2.23)

The relation between open circuit voltage and temperature as given in equation 2.17 can then
be reformulated for devices bearing non-radiative losses in two ways. One possibility is intro-
ducing an ideality factor n, yielding

qVoc = Encrs — nkgT In <@> : (2.24)
Jsc

The other possibility is restricting the relation to radiative recombination only, scaled by its
radiative quantum efficiency EQEg; :

Jrad Jrad
qVoc = Eucrs — ksT'In (ﬁ@) = Encrs + kBTln(EQEEL) — kgT'In (ﬁ) (2.25)
with the coupling constant for radiative recombination J5a:
ra ra _EHCTS
JO e JOOd exp (kB—T (226)

From equation 2.25 it is visible that the estimation of the maximal Vo by extending the initial
slope of the ¢V vs. T' curve commonly overestimates the real HCTS transition energy due to
non-radiative emission, and has to be corrected after measurement of the electroluminescence
quantum efficiency.

2.3.6 Determination of the Ideality Factor n

Knowing the ideality factor n of a diode can provide valuable information on the carrier recom-
bination mechanisms present in a device. Recent research on organic and hybrid diode devices
has shown that n is greatly dependent on intrinsic device parameters like material selection and
interface structure and likewise on external influences like temperature, external bias and inci-
dent photon flux.[42, 56, 65, 66] Due to the intricate interdependencies of n its determination is
often complicated and goes far beyond a single exponential fit with a standard Shockley diode
model. Particularly the influence of series and shunt resistances occurring in all actual devices
can distort the behavior of a diode and significantly alter the shape of a J-V characteristic away
from an idealistic model.

If the J-V curve of a diode has a pronounced exponential regime, a straightforward estimate for
the ideality factor n can be made by applying a standard single-exponential model according to
equation 2.6. In some cases even different regimes involving more than one ideality factor can
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be identified and assigned to physical processes in a diode, e.g. filling of trap states and sub-
sequent recombination of free carriers.[42] If a suitable model for the current roll-off at larger
forward bias is available, regions of higher current density can be included into the analysis. A
framework for this approach is provided in section 2.3.8.

This method can, however, easily produce misleading data, as the influence of series resistance
and injection barriers is not always visible at first sight. Following the analysis of Wolf and
Rauschenbach,[69] it is possible to separate the influence of a series resistance from the behav-
ior of a bare (inorganic) p-n junction.

2.3.6.1 The Jsc-Voc Method

The Jsc-Voc method delivers a more accurate possibility to analyze the behavior of a real diode
device. It was first proposed as ”Sinton’s flash lamp method”[70] and is well described in
reference [65] by Tvingstedt et. al.

Under open circuit conditions (i.e. at an external bias of V) the recombination current in a
diode equals the photocurrent produced by light irradiation. As no net current flows to or away
from the heterojunction, all influence from series resistance is eliminated. The general Shockley
equation 2.7 yields under open circuit conditions (J = 0):

Vi \%
Jph — Jpexp (q ocC > ocC

-o¢ 227
wsT) T R, (227)

Only under very weak illumination, the current dissipated by the shunt resistance R, will define
the behavior of equation 2.27. At higher light densities, the exponential term will dominate.
Consequently the relation between open circuit voltage and photocurrent recorded at a series of
illumination densities can deliver an accurate description for an isolated heterojunction as given
in the simple form of the Shockley equation 2.6.

The only remaining question from equation 2.27 is then to determine the photocurrent Jp,. Al-
though an exact treatment of field-dependent photogeneration has shown that the photocurrent
under open circuit conditions is slightly smaller than the short circuit current Jsc[53, 71, 72],
both quantities are frequently treated as equivalent. This assumption is valid as long as no big
series resistances or extraction barriers are hampering the transport of dissociated carriers away
from the interface. Such limitations are easily visible in a small fill factor of a device and should
be excluded in advance before performing the Jsc-Voc analysis.

Figure 2.7 shows the J-V characteristic of a simulated diode device involving both series and
shunt resistances. The red circles are hypothetical results of a simulated Jsc-Voc analysis that
allows to eliminate the influence of transport phenomena (grey area).
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Figure 2.7: The comparison of a simulated diode characteristic to a simple exponential function shows
that the regime for determination of the ideality factor n is often only very small or even not clearly
distinguishable from the rest of the curve. The Jsc-Voc method (represented by simulated measurements
as red circles) allows to isolate the transport losses inflicted by a series resistance (grey area).

In real diodes, the ideality factor is not a constant, but depends not only on temperature, but
also on the carrier density in the device. This is especially the case if several recombination
mechanisms can appear and saturate at different current densities.[42, 73] Consequently, it is
not sufficient to perform a single exponential fit to the data from paired Jsc and Vo data to
obtain a full scale diode model.

A more detailed analysis can be performed by regarding the differential formulation for the
ideality factor n:[65, 66]

_ q Voc
kBT a(lnjsc)

n (2.28)

From a data series of Js¢c and Vo data recorded over a range of illumination densities, n can
be calculated as a function of the short circuit current. Local values of n greater than 2 at low
illumination densities originate in the influence of shunt resistances, while at high excitation the
ideality factor can be smaller than 1 and even become negative because of surface recombination
effects in organic heterojunctions.[66]
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2.3.7 Transport in Organic Semiconductors

While dissociation of excitons at organic or hybrid type II heterojunctions is a process of good
efficiency, power conversion efficiency of photovoltaic devices frequently is limited by transport
phenomena. Two major transport processes are involved: At first, following light absorption the
generated exciton diffuses from the bulk of the donor material to the interface. After successful
charge separation, hole and electron are transported to the respective electrodes attached to
donor and acceptor. Insufficient transport capacity can lead to losses in photovoltaic efficiency
by carrier recombination in the device.

2.3.7.1 Transport of Excitons

Two mechanisms for exciton transfer between molecules or polymer chains can be distin-
guished: Forster resonant energy transfer and Dexter electron transfer. Both lead to a displace-
ment of the quasi-particle representing a localized excitation in an organic material by different
means.

e

o

T+

R

>

H 4

o

=

>

H 4

Donor Acceptor Donor Acceptor Donor Acceptor Donor Acceptor

(a) Forster resonant energy transfer (b) Dexter electron transfer

Figure 2.8: Schematic depictions of (a) Forster resonant energy transfer and (b) Dexter electron transfer
from a singlet excitation at a donor to an acceptor in ground state.

Forster transfer occurs by resonant coupling of a donor and an acceptor brought into proximity
of each other. Coupling efficiency is determined by distance, spectral overlap between the
emission of the donor and the absorption of the acceptor, and by the orientation of their dipoles.
It follows the relation

1
6
1+ (%)
with 7 being the separation between donor and acceptor and 7 the Forster radius of the system,
describing the donor-acceptor separation with a transfer efficiency of 50 %.[74] The efficiency
of Forster transfer is independent from temperature. Due to energy conservation, Forster trans-
fer can only occur towards acceptor states with transition energies lower than the donor state.

In the transfer process, only the excitation energy is transported, while all involved electrons
maintain their places (see figure 2.8(a)).

n(r) o« (2.29)
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In contrast to this, Dexter electron transfer describes the migration of a localized excitation by
an exchange of charge carriers as schematically depicted in figure 2.8(b).[75] Its transfer rate
follows the relation

ku(r) oc J - exp (_TQT) (2.30)

where L is the sum of the Van-der-Waals lengths of donor and acceptor describing the wave-
function overlap between them and .J is the integral of spectral overlap between the respective
emission and absorption spectra of donor and acceptor. While L is independent from tempera-
ture, .J increases towards higher temperatures in case of a slight detuning between the transition
energies of donor and acceptor due to thermal broadening of the spectra.

Due to their strong dependence on the separation r, both types of energy transfer can only be
active in the direct vicinity of an excited molecule or polymer. Transfer processes in organic
semiconductors are thus a series of cascading short range transfers. Measurements by List et.
al. have shown that in a semiconducting polymer both transfer mechanisms can be observed.
Their influences can be separated by regarding their different thermal activation behavior.[76]
Due to rapid recombination of excitons, the exciton diffusion length in conjugated polymers
is restricted to a couple of nanometers at room temperature and even decreases towards lower
temperatures.[22, 77-79]

2.3.7.2 Transport of Single Carriers

While excitons are uncharged quasi-particles which interact only weakly with their environ-
ment, single electrons can have a significantly stronger interaction due to the charge they are
carrying. Consequently, the movement of electrons and holes is determined by both diffusion
and drift in an electric field. In a crystalline solid, the environment around a free carrier tends to
screen the electric field of the carrier by imposing local lattice deformation, leading to a ’cloud’
of phonons accompanying each electron in the conduction band or LUMO. The quasi-particle
formed like this is called ’polaron” and was first described by Landau and Pekar.[80] Polaron
formation reduces the mobility of free electrons in a semiconductor and increases the effective
carrier mass. In case of strong interaction and a weak electric field, a self-trapping effect can
occur with electrons being captured in a potential pot formed by the polaron around them. In
p-type semiconducting materials the same can happen to holes.

Transport of charges happens by polaron hopping, requiring to surpass activation barriers while
transferring from one host to another.[81] This commonly occurs with assistance from phonons
and gives charge transport a strong dependence on temperature, especially in disordered organic
systems with a broad distribution of barrier heights.[82] As expected, the activation energy for
the transport of single charges in an organic semiconductor is higher than for the transport of
excitons.[83] At higher temperatures, the influence of phonon scattering is proposed to limit
charge transport in organic semiconductors.[84] Distortions in the lattice induced by increased
motion of molecules and polymer chains are likely to reduce the interaction between neigh-
boring sites in the material and thus limit the carrier mobility at high temperatures and violate
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the universal Meyer-Neldel rule of conductivity.[85] Experimental data, however, shows a con-
tinuous thermally activated behavior of carrier mobilities in conjugated polymers up to room
temperature.[82, 86, 87]

2.3.8 Space Charge Limited Transport in Diodes

Carrier transport plays a significant role in actual photovoltaic devices. The underlying phe-
nomena have to be understood in order to overcome limitations to device performance. Detailed
modeling of a photodiode is a very challenging task due to the interplay of several materials and
the important role of interface processes.

Under forward bias the current density in an ideal diode increases exponentially. Real devices
generally show a current roll-off, where the .J-V curve departs from an exponential increase and
grows more slowly. A common way to describe this is the introduction of a series resistance like
in equation 2.7. However a current roll-off can have various reasons and an Ohmic resistance
often does not suffice for description of the actual device behavior.

In the samples used in this work, series resistances due to contact resistance at the electrodes and
other contributions in the measurement circuit are negligible. However, limited charge carrier
mobility in the thick organic layer leads to significant deviation from a simple exponential
characteristic. This is a consequence of thermally activated hopping transport in disordered
systems, and leads to the formation of a space charge region. Charge transport is only possible
under non-equilibrium conditions with a voltage drop across the layer. The treatment proposed
by Renshaw et. al. [42] and Panda et. al. [55] in two connected publications will be employed
to interpret the measured curves.

Non-equilibrium conditions emerge when the quasi-Fermi level for either holes or electrons
is not flat anymore and a space charge region is formed. In a single organic layer with the
thickness d the current approaches the Mott-Gurney law[88] J = (9/8)(eopoV?/d?) with the
dielectric constant of the material €5 and the carrier mobility 1. In an inorganic/organic diode
the charge carrier densities and voltage distribution over organic and inorganic layer has to be
determined by simultaneously solving the drift-diffusion equation

J =quoPF — qDVP (2.31)

coupled with the Poisson equation

7Q(P_PD)

V- F= (2.32)

€0

where F'is the electric field and D the diffusivity. P gives the carrier concentration while F is
the background carrier concentration in equilibrium and ¢ is the carrier mobility.

At current densities |J| > 0 the quasi-Fermi level for holes is no longer flat in the organic.
The Fermi level bending A E}, as depicted in figure 2.9 imposes an additional barrier for holes
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Zn0O P3HT

Figure 2.9: A space charge region in P3HT produces a voltage drop AE¥, and thus reduces the actual
voltage at the heterojunction.

reducing the number of carriers available for recombination at the interface. The resulting J-V'
characteristic can then be calculated either from charge densities at the interface or by applying
the transformation V, — V, — AL, to the applied voltage V,.[42]

In order to provide an analytical solution a couple of simplifications can be made to the system:
The charge carrier mobility on the inorganic side p; ~ 10 — 50cm?/(V's) is generally large
compared to the organic mobility o &~ 107> — 1072 cm?/(V s), so that the quasi-Fermi level
for electrons is flat throughout the inorganic side. Furthermore the background carrier density
in the inorganic is high due to unintentional background doping, which leads to an extended
screening effect of the electric field, restricting the voltage drop almost entirely to the organic
layer. Lastly it can be assumed that drift is the dominant transport mechanism in the organic, as
the low background carrier density only provides a negligible influence of diffusion.

The resulting simplified form of the drift-diffusion and Poisson equations (equations 2.31 and
232)read J = quoPFo and V - Fo = qP§ /eo now with P being the hole density only
imposed by the space charge region and F{, the electric field in the organic layer.[55]

Solving the two equations leads to the voltage distribution and carrier density at position z in
the organic

3
sc €olo 2Jzx 2 2 3
|% = F — F 2.33
O(x) 3J [(EONO+ c) c ( )
1

P(z) = - (2.34)

qHo [ 2Jz  p2

€oHo ¢

with the electric field at the anode F; as a boundary condition. This yields the change in quasi-
Fermi level over the organic
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P P qu
0 sc HJ C
AEf’p = qVO + qVO — kBTln |: PC/ + Fé exp (kB—T):| . (235)

Here F, is the hole density at the anode without a flowing current and P, = P, + .J/quoF; gives
the density for J > 0.

Due to the assumption that the voltage drop entirely occurs in the organic layer only a built-in
voltage V4,; derived from the difference in electrode potentials is subtracted from the applied
external bias V}:

Vo ="Va— Vi (2.36)

The function

(2.37)

. — AE
J(Va) = Jo - <—V f’p)

nkBT

with the reverse saturation current J; and the ideality factor n then serves as a model for the
measured J-V characteristics. The curve consists of two parts: Below the built-in voltage and
at reverse bias the organic layer is depleted and therefore AF, = 0. The reverse saturation
current .Jy, the ideality factor n and the organic carrier mobility 1o serve as fit parameters in the
approximation, which for V, > V}; has to be performed implicitly due to the appearance of .J in
AV
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Chapter 3

Materials and Sample Preparation

3.1 Materials

In this section, the materials used for the fabrication of hybrid inorganic/organic photodiodes
are presented: Zinc oxide (ZnO), ZnMgO and tin oxide (SnO,) are inorganic acceptor materials,
with poly(3-hexylthiophene) (P3HT) as organic donor. Molybdenum oxide (MoQO;) acts as an
interlayer for improving hole extraction at the anode. Silver contacts on both cathode and anode
allow for integration into a measurement circuit.

In section 3.2 the techniques used in device fabrication are shown: Inorganic acceptor layers
are grown by molecular beam epitaxy (MBE), P3HT is deposited by spin coating. Onto these
layer structures silver contacts and MoQOj interlayers are attached by vacuum deposition. In the
last part of the chapter the device layout for planar hybrid photodiodes is presented as it is used
for all device characterization measurements in this work.

3.1.1 Zinc Oxide

Zinc oxide (ZnO) is a II-VI semiconductor material with a wide direct band gap. It is transpar-
ent to visible light and only absorbs in the UV. It is non-toxic and widely available and thus well
suited for future applications in photovoltaics and light emitting devices. ZnO can be prepared
in a wide variety of procedures like sol-gel processing, pulsed laser deposition, electron beam
evaporation, spray pyrolysis, atomic layer deposition (ALD), molecular beam epitaxy (MBE)
and metal organic chemical vapor deposition (MOCVD).[89] The degree of crystallinity, intrin-
sic doping and electronic properties of ZnO vary over a wide range for the different fabrication
techniques. In this work all ZnO has been prepared by molecular beam epitaxy, which will be
described in more detail in section 3.2.1. Previous research has been performed on zinc oxide
as acceptor material in photovoltaics as nanoparticles[10], nanofibers[14] and nano-structured
rod-like substrates.[90]
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Figure 3.1: ZnO in Wurtzite crystal structure with zinc atoms in yellow and oxygen in grey.[91]

Zinc oxide possesses a wurtzite crystal structure with a hexagonal unit cell as depicted in figure
3.1. It belongs to the space group C4 in Schoenflies notation. At room temperature the lattice
constants are a &~ 3.25 A and ¢ &~ 5.21 A.[92] The orientation of a ZnO single crystal determines
its surface structure and thus the physical properties even up to the macroscopic regime where
the energetic alignment at an interface involving zinc oxide can shift by several hundreds of
meV.[93] There are two polar surfaces of a ZnO single crystal, the Zn-polar (000 1) and O-
polar (000 1) planes, which show an outwardly respectively inwardly pointing surface dipole
moment.[94] Their surfaces are covered only with the element giving them their respective
name. Other, non-polar surfaces like the (101 0) plane have an alternating structure of zinc and
oxygen atom rows and a flat lying dipole moment parallel to the surface.

Atroom temperature the optical gap energy of ZnO is about 3.37 eV with a large exciton binding
energy of ca. 60 meV.[89] Due to its high electron affinity of ca. 4V it forms a type II inter-
face with most organic semiconductor materials and is therefore well suited for photovoltaic
applications in hybrid inorganic-organic systems.[95] ZnO and ZnMgO layers grown by MBE
have an intrinsic n-type doping density of ca. 1 x 10'® ecm~2, which leads to the Fermi level
being situated ca. 100 meV below the conduction band in thermal equilibrium.[96]

3.1.2 ZnMgO

The band gap energy of ZnO can be tuned by alloying it with other metal oxides without affect-
ing its wurtzite crystal structure. Alloying it with cadmium oxide decreases the band gap down
to the visible yellow region at ca. 2.4eV[97] while alloying with magnesium oxide allows to
increase the band gap up to 4.4 eV.[98] In spite of pure MgO having a rocksalt crystal structure
it can be included into the wurtzite lattice of ZnO to an extent of up to 40 % before phase sepa-
ration occurs. Determining the Mg content x by energy-dispersive x-ray (EDX) analysis allows
to put forward a relation between magnesium doping and band gap widening. Figure 3.2(a)
shows absorption spectra of ZnO and all ZnMgO alloys used in this work, in figure 3.2(b) the
widening of the band gap with increasing Mg content is shown. The band gap of Zn; Mg, O
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is then according to the experimental data £, = 3.34 + 2.642.[98]
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Figure 3.2: (a) Absorption spectra of a pristine ZnO film and several Zn;_,Mg,O alloys with Mg
content x between 0.01 and 0.14. All layers are deposited on top of a Ga-doped layer with the same Mg
content serving as a conductive electrode as described in section 3.1.4. The Ga-doped layer has slightly
increased band gap energy, ensuring light transmission to the undoped component. (b) Optical band gap
energies for Zn;_,Mg,O with magnesium contents x between 0 and 0.40. Data taken with permission
from reference [98].

Calculations based on density-functional theory predict a slightly lower slope of 2.33.[99] Upon
inclusion of Mg both valence band and conduction band observe an energetic shift away from
each other. Calculations predict a ratio between conduction band offset and valence band
offset of Ecg/Evp = 67/33.[99] Experimental findings provide values between 60/40 and
70/30.[100, 101]

3.1.3 Tin Dioxide

Tin and oxygen can form two stable crystalline compounds, distinguished by different oxidation
states of tin: tin(IT) oxide SnO and tin(IV) oxide (or tin dioxide) SnO,. In this work tin dioxide
is used as a donor in planar photodiodes. It is a n-type semiconductor with a wide band gap of
ca. 3.9eV and a high work function similar to ZnO.[102, 103]

Tin dioxide crystallizes in a rutile structure as depicted in figure 3.3. The point group of rutile
is Dyj, in Schoenflies notation. Sn atoms are six coordinate and O atoms three coordinate, the
lattice constants are a = 4.737 A and ¢ = 3.185 A.

In contrast to ZnO, the band gap of SnO, is indirect.[105] Due to slight oxygen-deficiency,
tin dioxide commonly is an n-type semiconductor. The Fermi level is placed some hundreds
of meV below the conduction band. Several types of vacancies and surface states can also
form intermediate states within the optical band gap,[103] blurring out the absorption edge as
visible in figure 3.4. The (10 1) plane is the second most stable surface of SnO,. In contrast to
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Figure 3.3: SnO, crystallizes in a rutile structure as depicted here with Sn atoms in grey and O in
red.[104]

the energetically more favorable (110) surface, it provides a protective layer of oxygen atoms
which prevent any surface reconstruction.[106] SnO, (101) is the preferred growth mode in
oxygen-rich conditions.

25

2.04

1.5

1.01

Optical density

0.5+

0.0 T T T T T
30 35 40 45 50 55 60

Photon energy (eV)

Figure 3.4: Absorption spectrum of a 100 nm thick SnO, layer deposited on top of a 150 nm thick
SnO,:Sb layer by molecular beam epitaxy on a sapphire substrate. The Sb-doped layer serves as a
conductive electrode, as described in section 3.1.4. Its optical band gap is slightly shifted towards higher
energies, enabling light transmission to the pristine layer in case of illumination through the sapphire
substrate.

The high exciton binding energy in SnO, of 130 meV combined with its indirect band gap
suppresses radiative carrier recombination, leading to a comparatively long exciton lifetime and
low PL quantum yield.[107] Furthermore, pump-probe spectroscopy measurements have shown
a rapid charge transfer from organic donor materials to the conduction band of tin dioxide.[16]
Both facts are promising to help reducing losses in a SnO, based photovoltaic device.
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3.1.4 Doping of Zinc Oxide and Tin Dioxide with Ga and Sb

The low conductivity of ZnMgO and SnQO, is a limiting factor in the performance of actual
photoelectronic devices. However this problem can be solved by introducing a layer of a heav-
ily doped species of the same material. Adding gallium to ZnO leads to n-type doping which
can easily reach degeneracy and produces carrier concentrations up to almost 1 x 10%! cm=3
without affecting the crystalline structure.[108] Band gap engineering by alloying ZnO and
MgO can still be performed with the Ga-doped variant which makes ZnMgO:Ga an ideal trans-
parent electrode for optoelectronic devices increasing the conductivity from 2.6 Q 'ecm™" to
90092 'cm~'. Due to the Burstein-Moss effect degeneratively doped semiconductors have a
larger band gap than their undoped equivalent as depicted in figure 3.5(a). Consequently the
band gap of Ga-doped ZnMgO is ca. 150 meV larger than in the undoped case which assures
that the electrode is transparent in the whole spectral range below the acceptor band gap energy.
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Figure 3.5: (a) Transmission spectra of 420 nm thick ZnMgO and ZnMgO:Ga layers with Mg content
of x = 0.09 each. Carrier density in the gallium doped layer is ca. 1.0 x 10%°cm™3. The band gap
of ZnMgO:Ga is widened by ca. 150 meV due to the Burstein Moss shift. (b) Transmission spectra of
294 nm thick SnO, and SnO,:Sb layers. The doping density in SnO,:Sb is ca. 2.4 x 10?° cm ™3, causing
a band gap widening of ca. 200 meV.

Similarly SnO, can be doped with antimony in order to reach a conductivity as high as
1500 Qtem ! and carrier concentrations of 7.9 x 102° cm—3.[102, 109]

3.1.5 Poly(3-hexylthiophene)

Poly(3-hexylthiophene) (P3HT) is a very widespread conjugated semiconductor polymer. Its
monomer consists of a thiophene ring with a hexyl sidechain attached to its position 3 (see figure
3.6(a)). The asymmetric position of the hexyl leads to the existence of three different configu-
rations between neighboring monomers, head-head (HH), head-tail (HT) and tail-tail (TT). Re-
giorandom P3HT shows all three configurations in arbitrary sequence, while regioregular P3HT
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Figure 3.6: (a) The molecular structure of Poly(3-hexylthiophene) (P3HT). (b) Absorption (black line)
and photoluminescence (red line) spectra of a P3HT film on a sapphire substrate. PL was recorded under
laser excitation with A = 532 nm at room temperature.

predominantly consists of the same type of conjunction. Most commonly HT-regioregular
P3HT is used in optoelectronics due to its high carrier mobility of up to 3.1‘}22 .[110] A regu-
lar structure allows extended 7 stacking of polymer chains which results in a semi-crystalline
structure of spin-coated P3HT films. Advanced techniques like high-temperature rubbing even
allow to produce lamellar structures of high crystallinity.[111] The optical band gap of P3HT
is frequently reported in literature with values around 2.0 eV. Combined measurements of UV
photoelectron spectroscopy and inverse photoelectron spectroscopy, however, yield a gap en-
ergy of 2.5 eV including a large exciton binding energy of ca. 0.4eV.[112, 113] The ionization
potential can vary by up to 0.5eV depending on the structural conformation on an acceptor
surface.[114]

In the experiments performed for this work P3HT with a regio-regularity above 96 % and aver-
age molar mass of more than 40.000 was used (purchased from Rieke Metals).

3.1.6 Contact Materials
3.1.6.1 Silver

Silver is a metal with a work function between 4.26eV and 4.72eV.[115] It is widely used
for electronic contacts in devices mostly as an anode, often joined by a thin hole-selective
interlayer.[116] It can be thermally evaporated at temperatures around 900 °C from a boron
nitride crucible or a molybdenum boat. Although it is still highly controversial in literature if
silver forms an ohmic or a Schottky contact on ZnO[117, 118] it was chosen both as cathode and
anode contact in this work after verifying that it forms an ohmic contact on the ZnO (000 1),
ZnMgO (000 1) and SnO, (10 1) substrates fabricated by molecular beam epitaxy.
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3.1.6.2 Molybdenum Trioxide

Molybdenum trioxide (MoQO3) is one of two oxide compounds of molybdenum, involving molyb-
denum in the oxidation state +6. It boasts a huge electron affinity of ca. 6.7 eV and an ionization
energy of ca. 9.7eV.[119] A thin molybdenum oxide interlayer is commonly used to improve
the hole injection from metal contacts into organic molecules and polymers.[120] In the past
there has been discussion about the true energetic situation of MoQOs, but UV photoelectron
spectroscopy experiments have proven the high ionization energies mentioned above in favor of
other claims with energy levels as much as 4 eV higher (e.g. [121]).

Interlayers of oxides with high work function significantly reduce the injection barrier from
metal contacts to an organic semiconductor by contact doping. Electrons transfer from the
organic HOMO to the oxide conduction band. The Fermi level situated close to the HOMO of
the p-type organic material is pinned to the conduction band of the strongly n-type molybdenum
oxide.[122, 123] In organic and hybrid inorganic/organic photovoltaics an interlayer thickness
of 5nm to 20 nm of MoOj; has appeared to be optimal for device performance.[124, 125] In this
work a layer thickness of 15 nm has been chosen. Another benefit of an oxide interlayer is that
it protects the organic layer below from damages inflicted during evaporation of silver or gold
contacts on top.

3.2 Sample Preparation Methods

3.2.1 Radical Source Molecular Beam Epitaxy

The inorganic layers of all samples presented in this work were fabricated by radical source
molecular beam epitaxy (RS-MBE or short MBE) in a vacuum chamber (DCA-450) with a base
pressure of 10~"mbar. The metals zinc, tin, magnesium, gallium and antimony are provided
by thermal evaporation from Knudsen cells, each cell can be opened and closed separately with
a magnetically driven shutter made from tantalum. The metal beam flux is controlled by a
Bayard-Alpert (nude ionization) gauge which can be placed in front of the substrate. A plasma
of reactive oxygen is provided by a radio-frequency source. The oxygen partial pressure is
regulated by a leak valve, ensuring oxygen-rich conditions for oxide deposition.

During growth the crystalline quality can be monitored in-situ by using a reflection high energy
electron diffraction (RHEED) system. An electron gun produces a beam of electrons with a
high kinetic energy of more than 10 keV striking the samples surface at a very small angle of
0 =~ 2°. Electrons diffracted at the crystal lattice of the samples can interfere constructively
with each other if the in-plane component of the electron k-vector coincides with the in-plane
k-vector of the electron wavefunction in the lattice. This corresponds to a Bragg reflection in the
reciprocal space.[126] Consequently, a regular atomic lattice at the sample surface will lead to
sharp peaks of diffracted electrons that can be monitored on a phosphorous screen and captured
by a CCD camera outside the vacuum chamber.

The maxima of the RHEED pattern oscillate during crystal growth as only after completion of
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Figure 3.7: The molecular beam epitaxy (MBE) chamber features thermal evaporation sources for Zn,
Mg, Sn, Ga and Sb. The beam flux is controlled by a nude Bayard-Alpert gauge which can be placed
in front of the sample holder. Oxygen is provided by a RF plasma source. The sample surface can be
analyzed with a RHEED system.

a full atomic layer on the crystalline surface the diffraction signal is maximal, while incomplete
layers on the surface diminish the signal. It also provides information on the crystalline quality.
The oscillations in RHEED signal are used to count the number of deposited monolayers in
order to calculate the thickness of the layer.

Zn0:Ga/ZnO and ZnMgO:Ga/ZnMgO samples were grown on (1102) (a-plane) sapphire,
enabling epitaxial growth of O-terminated (000 1) Zn(Mg)O. For SnO,:Sb/SnO, samples r-
terminated (1 102) sapphire was used, resulting in a (10 1) SnO, surface.

3.2.2 Vacuum Thermal Evaporation

Vacuum thermal evaporation is a widespread fabrication technique for thin layers of small
molecules and a wide variety of other materials including metal contacts and oxide interlay-
ers. In all cases the evaporation source is formed by a crucible, boat or cage of a heat resistant
material containing the substance that is to be deposited. It is heated up in an effusion cell either
with a heating wire or by applying a voltage directly to different ends of the evaporation source.
Under high vacuum the molecules or atoms leave the evaporator in one straight direction and
shape an evaporation cone. A substrate placed inside that cone will be covered with a very
homogeneous layer.

The thickness of the deposited material is measured using a quartz microbalance which con-
sists of an oscillating quartz crystal placed in proximity of the substrate. A controller device
constantly sweeps excitation frequencies and measures the resonance frequency of the crystal
which shifts in case of material deposition on top of the crystal. A careful calibration performed
for each evaporation source and material allows to calculate the layer thickness produced on the
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Figure 3.8: The thermal evaporation chamber used for fabrication of Ag and MoO; layers

sample substrate in relation to the resonance shift recorded by the microbalance.

The evaporation chamber used in this work (see figure 3.8) allows deposition of Ag and MoO;
layers from a molybdenum boat respectively tungsten cage source heated by a current through-
put of up to 200 A. The base pressure is between 1 x 1072 and 1 x 1078 mbar. An automatic
mask system controlled by a step motor allows precise placement of single contacts with a
predefined shape on the sample.

The sample is placed ca. 40 cm away from the evaporation source, typical evaporation rates are
1.5 A/s for Ag respectively 0.25 A /s for MoOs.

3.2.3 Spin Coating

Thin films of polymers and other solution processable materials are commonly produced by
the technique of spin coating (or spin casting). A small amount of solution is dispensed on
the substrate by means of a syringe, subsequently the sample is rotated at a speed of 1000
to 6000 rotations per minute removing excess solution from the surface and forming a very
homogeneous film on the substrate. In commercially available spin coaters the substrate is
fixed onto the rotating chuck by vacuum established either actively with a connected pump or
- like in this work - passively by jet holes in the chuck utilizing the centrifugal force on air in
the rotating chuck. Figure 3.9 shows the phases of spin coating from dispensing the solution
via film thinning to film drying. The resulting layer thickness of a certain material is defined by
the choice of solvent, the concentration in solution and the rotation speed. During spin coating
of P3HT in most solvents a clear change of color marks the transition between solution phase
(light orange) and solid film (dark red).
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Figure 3.9: Three phases of spin coating: a) dispensing the solution onto the substrate b) film thinning
by substrate rotation c) solvent evaporation and film drying

3.3 Sample Design

For a qualitative and quantitative investigation of charge separation processes between a metal
oxide and an organic polymer, a diode structure has to be designed with a well defined planar
interface between both components. An additional requirement is the possibility to contact
both sides in a measurement circuit without high series resistance on either point disturbing the
measurements. A sandwich-like structure involving pure ZnO, ZnMgO and SnO, cannot meet
these conditions as the conductivity of either of these materials is too low to serve as backside
electrode. However, utilizing a template patterned with a highly conductive layer of indium
tin oxide (ITO) would not permit to grow single crystalline layers on top. This issue can only
be solved by using a conductive electrode of doped semiconductor material. As described in
section 3.1.4, gallium doping of ZnO or ZnMgO does not affect its crystal structure and neither
does antimony doping to SnO,. Consequently, fabrication of devices with a perfectly planar
interface is possible by overgrowing the electrode of doped material with an undoped layer.

The thickness of the conductive electrode has to be chosen big enough to provide good elec-
tronic contact for the device, the thickness of the intrinsic layer is defined by the necessity of
screening the electric field induced by excess electrons in the doped layer. The reach of electro-
static interaction in a semiconductor is defined by the Debye length

Ap = eUr (3.1)

€N

where e is the elementary charge, Ur = ’“‘%T the thermal voltage, ¢ = ¢q¢,. the dielectric constant
of the material and n the intrinsic carrier density in the undoped material. Ap gives the length
over which the electric field drops to é of its maximal value.[17] For nominally undoped ZnO
with a background carrier density of 1 x 10" cm™ and a relative dielectric constant of 8 the
Debye radius at 300 K is about 11 nm and even smaller at lower temperatures. Consequently
an undoped layer of 100 nm thickness is enough to provide an interface without electrostatic
influence from the doped layer.
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3.4 Sample Layout and Device Fabrication

The bottom contact of the investigated diode structures is realized by a 150 nm thick layer of
gallium-doped ZnMgO grown on an a-plane sapphire substrate. Its carrier concentration is
about 1 x 10?° cm~3 and its conductivity 900 Q 'cm™!. This is followed by 100 nm thick nom-
inally undoped ZnMgO with the same magnesium contact which forms the inorganic part of
the p-n-heterojunction. Both layers are prepared by plasma-assisted molecular beam epitaxy as
described in section 3.2.1 resulting in single crystalline oxygen-polar ZnMgO (000 1) layers.
A molybdenum mask attached to the sample during epitaxy leaves a stripe of sapphire uncov-
ered. The samples are transfered to a metallization chamber in a vacuum vehicle maintaining a
pressure as low as 1 x 107> mbar. There a Ag contact is deposited on top of the ZnMgO layer,
realizing an ohmic contact. Lateral charge transport in the devices almost entirely occurs in the
doped ZnMgO:Ga layer. The thin undoped layer, which is passed twice in the measurement
circuit, only induces a negligible series resistance.

Ag/MoO,

Figure 3.10: Schematic depiction of the device layout. The active area of a planar ZnMgO/P3HT
photodiode is defined by the overlap of the Ag/MoO; anode and the ZnMgO acceptor layer.

The P3HT layer is spin-coated on top from a chlorobenzene solution. Different concentrations
of P3HT in solution were used to produce layer thicknesses between 75 nm and 500 nm. AFM
scans show an average RMS roughness of 5 nm. The top contact is realized by depositing
a 15 nm interlayer of MoO; ensuring an ohmic contact to P3HT, followed by 50 nm of silver.
The base pressure in the metallization chamber was 1 x 10~8 mbar, spin coating was performed
in a glovebox providing an inert N, atmosphere. The samples were never exposed to air during
the whole fabrication process.

In figure 3.10 the structure of the whole device is shown. The Ag/MoO; anode contact overlaps
the bottom ZnMgO:Ga/ZnMgO layer by ca. 1mm forming an active area of about 1 mm?.
The actual size of the active area is determined for each sample by taking a photography and
comparing the active area to the known substrate size of 10 mm by 10 mm. Prior to integration
into a measurement circuit, the P3HT on top of the Ag cathode contact is removed by scratching.

The samples involving ZnO are prepared in the same way and with the same dimensions,
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only replacing ZnMgO by ZnO in (000 1) orientation and using a doped electrode made from
Zn0:Ga. For SnO,/P3HT diodes the same layout was used with SnO, as acceptor and SnO,:Sb
as conductive electrode. In order to reduce series resistance of the sample, the antimony-doped
layer was 200 nm thick. The undoped SnO, (10 1) acceptor layer remains with a thickness of
100 nm.

3.5 Fabrication Protocol

The function and performance of the devices are very sensitive to fabrication conditions. Not
only external impurities but also intrinsic degradation can seriously affect the sample quality.
Surface reconstruction processes in ZnMgO and ZnO can rapidly change its electronic prop-
erties as long as it is not covered (e.g. by an organic layer). This even happens if stored in
vacuum, leading to pronounced band bending effects.[93] In figure 3.11 is visible that the open
circuit voltage of a ZnMgO/P3HT photodiode decreases by almost 300 meV if the sample is
stored in vacuum for ca. 24 hours during fabrication before spin-coating the P3HT.
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Figure 3.11: Storing the ZnMgO substrate in vacuum for 1 day before adding the organic layer decreases
the open circuit voltage of a ZnMgO/P3HT photodiode under 100 mW /cm? AM 1.5 G illumination by
almost 300 meV.

Consequently a strict fabrication protocol has to be employed during the fabrication of all sam-
ples, in which the P3HT is spin-coated on top of the ZnMgO or ZnO substrate between 3 and
5 hours after finishing the molecular beam epitaxy process. Once the inorganic was covered no
further loss of sample quality was observed in case of delay in fabrication of the top contacts,
and the samples could be used in measurements for up to 4 months without significant aging.
As degradation effects on the sample surface also affect the chemical potential at the interface,
samples dedicated for UV photoelectron spectroscopy have to be prepared within the same time
schedule. The blank substrate is measured less than 4 hours after fabrication and spin-coating
the P3HT layer was performed directly afterwards in order to complete the UPS measurements
on the same day.
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Characterization Methods

This chapter gives an overview over the experimental techniques used in device characterization
for this work. Interfacial level alignment between donor and acceptor layers are determined by
UV photoelectron spectroscopy (UPS). Photoluminescence (PL) spectroscopy proves the gen-
eral possibility of charge separation at an inorganic/organic hybrid interface. By employing
various types of photovoltaic characterization under different illumination conditions and tem-
peratures, photovoltaic functionality of planar photodiodes is investigated quantitatively and
loss quantities are estimated. Electroluminescence measurements provide evidence for the ex-
istence of hybrid charge transfer states and shed light onto their physical properties. At last,
atomic force microscopy (AFM) serves to investigate layer morphology and interface geome-
try.

4.1 UV Photoelectron Spectroscopy

Photoelectron spectroscopy (PES) is a common way to gain knowledge about the energetic
structure of occupied electron states in a metal or semiconductor material. It is based on the
photoelectric effect, i.e. the emission of an electron caused by absorption of a photon with suf-
ficiently high energy.[127] Two types of PES can be distinguished along the different types of
light sources used: Ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron spec-
troscopy (XPS). While UPS is able to provide knowledge about the frontier occupied orbitals
of organic materials and valence bands of inorganic semiconductors, XPS yields information
about the core levels of atoms in the sample.

A monochromatic UV light source, commonly a helium discharge lamp or an undulator of a
synchrotron, produces a sharp excitation spectrum on the sample surface and ejects electrons in
its immediate proximity.[128] Electrons tossed into vacuum by incident photons are collected
for measurement using a system of electrostatic lenses. The beam of electrons is focused onto
the entrance slit of the hemispherical analyzer as depicted in figure 4.1. A bias between the
inner and outer hemisphere of the analyzer deflects electrons according to their kinetic energy
and only allows electrons with a certain pass energy to reach the detector. By performing a
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voltage sweep a whole spectrum over a range of kinetic energies can be recorded.
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Figure 4.1: Monochromatic UV illumination from a He discharge lamp ejects electrons from the sample.
A system of electrostatic lenses collects ejected electrons and focuses them onto the entrance slit of the
hemispherical analyzer. A sweep of the bias between inner and outer hemisphere of the analyzer is
performed, recording the number of incident electrons for each pass energy with the detector.

An electron ejected into vacuum has to overcome the ionization energy (IE) which is the sum of
binding energy Ep and work function ¢. If the energy of an incident photon Av is sufficiently
high, the ejected electron holds the kinetic energy Ey;, = hv — Eg — ¢. As sample and detector
are connected electrically, the contact potential difference between the Fermi levels of sample
material and detector additionally accelerates or retards the electrons on their way to the detec-
tor, yielding the measured kinetic energy Ei,, = E., + ¢ — ¢pei, additionally depending on the
work function of the detector material ¢pe. If the work function of the detector is known, the

binding energy of an occupied state in the sample material can then be calculated (see figure 4.2
and [129]) as

Eg = hv — Elldn - (b + <¢ - ¢Det) = hv — E{(in — ODet- 4.1)

If ¢pe is not known a priori, it can be determined by measuring the valence band spectrum of a
clean metal surface (e.g. Au) and considering that electrons at the Fermi level of a metal have
zero binding energy per definition.

Not all electrons absorbing a UV photon are thrown into vacuum directly. Inelastic scattering
in the sample material causes electrons to lose energy and produces secondary electrons which
can also leave the sample material if their kinetic energy still is high enough to overcome the
ejection barrier imposed by the work function. Consequently a broad emission spectrum can be
observed. A sharp cut-off on the low energy side (secondary electron cut-off, SECO) gives the
value of the work function at the sample surface, because below this energy the electrons are not
able to leave the material. As electrons arriving at the detector can create secondary electrons in
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Figure 4.2: Schematic depiction of occupied energy levels in the sample, kinetic energies of ejected
electrons Exi, and the photoemission spectrum Ej, measured by the detector. The energy level Er + hv
has to be determined by measuring the photoemission spectrum of a clean metal surface. Image adapted
from reference [129].

the detector material as well, commonly a bias is applied between detector and sample in order
to energetically separate SECO and detector secondary electrons from each other. This voltage
has to be taken into account for calculation of the work function ¢.

The UPS measurements in this work were carried out under illumination from a helium dis-
charge lamp providing the He I spectral line at hv = 21.22eV. An aluminum filter was used
to reduce the UV intensity by a factor of 0.07 and to avoid exposure to visible light from the
UV source. By reducing the radiation intensity, sample degradation effects during measurement
could be minimized. The photoemission spectra were checked for stability and reproducibility
under several illumination densities. A Phoibos 100 hemispherical analyzer by SPECS was
used for analyzing the photoelectrons together with a 5 channel electron multiplier. The work
function of the detector was calibrated with a cleaned Au(IIl) single crystal. HOMO and va-
lence band onsets and SECO positions were determined by intersecting a linear extrapolation
of the baseline and the tangent to the slope of the measured spectrum.[130]

The samples for UPS analysis were fabricated in the same way as the samples used for pho-
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todiodes with a 150 nm thick ZnMgO:Ga layer followed by 100 nm thick ZnMgO on top of a
sapphire substrate. The UPS measurements were intended to reproduce the sample fabrication
protocol described in section 3.5 as exactly as possible. The inorganic samples were transported
to the UPS spectrometer in N, atmosphere directly after fabrication, where the binding energy
and work function of the bare ZnMgO surface was measured. Then, a 15 nm thick P3HT layer
was spin-coated on top in a glove box under N, atmosphere, and UPS measurements were re-
peated with the hybrid sample. The whole time between ZnMgO epitaxy and the second UPS
measurement did not exceed 5 hours.

4.2 Photoluminescence Spectroscopy

In photoluminescence (PL) measurements the sample is illuminated with a monochromatic light
source and subsequently its photoluminescence response is measured with a suitable detector.
This can happen both time-integrated or time-resolved. For this work the samples fabricated
for photoluminescence measurements were mounted into a CryoVac bath cryostat directly after
fabrication providing the possibility to cool them down to ca. 7K with liquid helium. Opti-
cal excitation was performed with a frequency-doubled Nd:YVO4 laser (Vanguard by Spectra
Physics) with a pulse width shorter than 13 ps and an excitation wavelength of 532 nm, corre-
sponding to a photon energy of 2.33eV.

The photoluminescence signal was spectrally analyzed by a Jobin-Yvon HR 250 double mono-
chromator with a focal length of 250 mm and a 600 grooves/mm grating. Time-integrated PL
spectra were recorded with a photomultiplier and the monochromator performing a wavelength
sweep over the visible range. Time-resolved luminescence transients were recorded with a
Hamamatsu microchannel photomultiplier tube with a transit time speed FWHM of 25 ps defin-
ing the temporal resolution. In data analysis the instrumental response function has to be taken
into account. The fit functions have to be convoluted with the instrumental response function
before being matched to the actual measurement results.

4.3 Electrical and Photovoltaic Characterization

After fabrication all photodiode samples were mounted onto a small circuit board which pro-
vides the possibility to contact the structures with thin gold wires and a conductive epoxy glue
containing silver particles as depicted in figure 4.3. During the mounting process, the samples
were exposed to air for ca. 15 minutes. After curing the glue for 24 hours, the circuit board was
placed in a CryoVac bath cryostat which can be either flushed with N, gas at room temperature
in order to prevent sample degradation or filled with liquid N, or He for measurements at low
temperatures. Several quartz windows in the chamber allow both illumination of the samples
and luminescence spectroscopy in the whole spectral range from UV to near IR. A Keithley
2601 SourceMeter is used for all current-voltage measurements, a Xe arc lamp (LOT Oriel)
combined with a Gemini 180 double monochromator serves as light source.
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Figure 4.3: A diode sample mounted into a circuit board and contacted by gold wires

Two types of measurements were performed: For current-voltage characteristics in the dark
or under illumination the current flowing through a photodiode structure was recorded over a
range of voltages applied to the device. Spectrally resolved measurements of power conversion
efficiencies were performed under zero external bias by measuring the short circuit current of
the sample while performing a sweep of photon energies in excitation.

Stable results over several measurement runs were obtained if the applied bias to a device did not
exceed 1 V. At higher voltage electrochemical doping processes[131] and permanent formation
of conductive metal filaments in the organic layer[132] significantly decrease the rectification
ability of the device. This behavior provides promising opportunities for the development of
new non-volatile memory devices,[133, 134], but is clearly detrimental to the function of pho-
tovoltaic cells. For this reason, all J-V' characteristics were recorded only in a range between
—1V and 1V. This range was only slightly extended when the open circuit voltage of a de-
vice was larger than 1 V. In electroluminescence measurements, the exposure of the devices to
higher bias was minimized and the current density was carefully monitored in order to prevent
significant degradation effects in the device characteristics.

4.3.1 Current-Voltage Characteristics under Illumination

For characterizing the photovoltaic devices the standardized air mass 1.5 global (AM 1.5G)
spectrum is employed (see section 2.3.1). It simulates incident sunlight after passing 1.5 times
the thickness of the atmosphere (corresponding to an incident angle of 48.2°). It can be obtained
for laboratory by using a Xe arc lamp combined with a certified filter. For samples including
ZnMgO and ZnO a different spectrum is used in order to circumvent persistent photocurrent
effects originating from defect excitations under UV light (see appendix A). To the AM 1.5G
filter a longpass filter is added which cuts out all UV radiation at wavelengths below 395 nm.
For samples containing SnO, the simulated AM 1.5G spectrum can be used without an addi-
tional filter. The resulting spectrum measured by a Si CCD camera (Princeton Instruments) is
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depicted in figure 4.4.

In the measurement setup, the light of a Xe arc lamp first passes through the Gemini monochro-
mator at zero diffraction order. A rectangular aperture mask is projected onto the active area
of the sample by two quartz lenses, matching up the size of the contact area. The irradiation
density is controlled by a thermal power meter (SpectraPhysics) connected to the beam path by
a flippable mirror. A series of neutral density filters allows power-dependent measurements at
light densities between 0.35 mWem 2 and 310 mWem ™2, Current-voltage characteristics can
also be recorded under single-wavelength illumination by using the first diffraction order output
of the monochromator.
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Figure 4.4: Simulated solar spectra in comparison to the standardized AM 1.5G spectrum. The blue
line represents the AM 1.5G spectrum modified by an additional band edge filter, cutting off UV irradia-
tion. This illumination spectrum is used for characterization of samples involving ZnO and ZnMgO. For
measurements on SnO,/P3HT diodes the unmodified AM 1.5G spectrum (red line) is used.

4.3.2 EQE Measurements

Wavelength-dependent measurements of the external quantum efficiency (EQE) are performed
using a Xe arc lamp and a Gemini 180 double monochromator and the same imaging lineup as
described in section 4.3.1 without additional filters. The spectral output is recorded by a Si diode
with known quantum efficiency spectrum. Before each wavelength sweep the spectral density
is measured at a single wavelength of 350 nm with a power meter (Thorlabs). This value is used
to scale the global intensity of the irradiation spectrum when calculating the photon conversion
ratio. The wavelength sweeps are performed with a slit width of 2 mm which gives a spectral
resolution of 4.6 nm at a step width of 1 nm.
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4.4 Electroluminescence Spectroscopy

For electroluminescence spectroscopy the sample is fixed in the same CryoVac cryostat as in the
photovoltaic measurements. Light emission from the diode contacts is projected onto the en-
trance slit of an Acton SpectraPro300i monochromator with 300 nm focal length by two achro-
mate lenses with anti reflection coating for the NIR spectral range. The spectra are recorded
by a nitrogen-cooled InGaAs detector (Princeton Instruments OMA V:InGaAs) providing high
detection efficiency in a range between 900 and 1550 nm and a region with less sensitivity at
wavelengths under 900 nm. The efficiency of detection is calibrated with a black body source
of known temperature. For alignment a monochromatic laser beam (405 nm or 532 nm) is fo-
cused onto the active photodiode area and the photoluminescence signal of P3HT is maximized
in detection. Subsequently the laser is switched off and the EL spectrum originating from the
same spot on the sample is recorded.

Spectrometer

SourceMeter InGaAs

detector_
array ~

Grating ~

Achromatic
lenses

Cryostat with
sample

Figure 4.5: The measurement setup for electroluminescence spectroscopy: A planar photodiode is
mounted into a cryostat under N, atmosphere. A Keithley SourceMeter connected to the contact pads
on the device acts as voltage source. Detection of the EL signal occurs through a quartz window in the
cryostat using the combination of a monochromator and an InGaN detector.

Electroluminescence emission spectra of the samples analyzed in this work span over a range
of up to 1000 nm which requires to glue together several recordings taken at different spectral
positions of the monochromator. For each full spectrum, three partial spectra are recorded
with an overlap of ca. 200 nm each in order to join the spectrally corrected parts for a total
spectrum of P3HT and HCTS luminescence. In continuous ELL measurements a Keithley 2601
SourceMeter is used as voltage source and current meter at the same time. Over the timespan
of each recording the current is constantly monitored in order to exclude permanent sample
degradation due to filament formation and electrochemical reactions as described in section
4.3.

49



CHAPTER 4: CHARACTERIZATION METHODS

4.4.1 Time-resolved Electroluminescence Measurements

Voltage pulses for measurement of electroluminescence transients were provided by an Agilent
function generator. In order to minimize reflection effects in the measurement circuit and to
provide a clear pulse profile with sharp pulse edges of only ca. 3ns width, the sample was
contacted in a parallel circuit together with a 50 €2 termination resistor using coaxial cable. The
resulting voltage pulses are depicted in figure 4.6, as measured by a Hewlett Packard 54522A
digitizing oscilloscope.
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Figure 4.6: 10ps long voltage pulses as used for time-resolved electroluminescence measurements,
analyzed in three different timescales. The width of falling edges is ca. 3 ns.

Time-resolved electroluminescence transients are recorded with a Hamamatsu InP/InGaAsP
(H10330B-25) photomultiplier with spectral response between 950 and 1200 nm, providing
a temporal resolution of 2ns. The photomultiplier is connected to the same SpectraPro300i
monochromator as the InGaAs detector for steady state measurements. With the entrance and
exit slit fully opened to 2 mm in order to maximize the signal for detection and a grating with
300 grooves/mm blazed at 1000 nm a spectral resolution of 22 nm is achieved. Such a resolu-
tion is absolutely sufficient for analysis of charge transfer electroluminescence, as its spectral
features stretch over several hundreds of nanometers.

Besides the temporal resolution of the detection unit, the instrumental response function in
electroluminescence transient measurements is defined by the response time of the measurement
circuit to changes in applied voltage. The diode structures used in this work can be regarded as a
capacitor consisting of two plates formed by the bottom ZnMgO:Ga layer and the Ag/MoO; top
contact as outer plates enclosing two dielectric layers of P3BHT and undoped ZnMgO. Together
with the series resistance imposed by lateral transport in the ZnMgO:Ga layer and traversing of
the ZnMgO layer again below the Ag cathode, a RC circuit is formed. Then, the time necessary
to build up the fraction 1/e of the applied voltage Vj on the diode device is the time constant
T=R-C.

The capacitance of a ZnMgO/P3HT diode with a P3HT thickness of 240 nm is ca. 150 pF under
the assumption that the organic layer is entirely depleted. The resistance imposed by transport
through ZnMgO:Ga over a distance of 1 mm at a channel width of 1 mm and a material thick-
ness of 150 nm is ca. 752 with a negligible contribution from crossing the undoped ZnMgO
layer before reaching the electrode. This yields a RC time constant of 7 ~ 11 ns, defining the
system response time of the time-resolved electroluminescence measurements.
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4.5 Atomic Force Microscopy

Atomic force microscopy (AFM) (or scanning force microscopy, SFM) is a special form of
scanning probe microscopy (SPM) allowing to detect the surface morphology of plane samples
down to the sub-nanometer range. It was developed by Binnig et. al. in 1985.[135] In con-
trast to scanning tunneling microscopy, where the tunnel current between a conductive sample
and a measurement tip is measured, in AFM only mechanical forces between sample and tip
are regarded. Therefore it is especially well suited for electrically insulating samples, but not
restricted to these. The forces to be taken into account are quantum mechanical repulsion due
to the Pauli principle and the van der Waals interaction between atomic nuclei and electrons,
forming a Lennard-Jones potential.[136] The strength of other forces of origins like covalent
molecular bondings and surface tension can also be analyzed in specialized measurement con-
ditions.

Laser

Detector

Tip Cantilever

Figure 4.7: Schematic depiction of an atomic force microscope: Light from a laser source is reflected
by the backside of the cantilever onto a quadrant detector array. Small movements of the measurement
tip can be sensed at resolutions in the sub-nanometer range.

In order to measure the small forces exerted onto the measurement tip, it is mounted onto a
silicon cantilever (or etched from the same material). Small displacements of the cantilever are
measured by focusing a laser beam onto the top flat of the cantilever. The reflected laser light is
sensed by a quadrant detector array. From its exact positioning, the surface morphology can be
calculated. There are two different methods of force measurement: contact mode and tapping
mode. In contact mode, the tip is being bent upward by direct interaction with the sample. Due
to the short distance between tip and sample this method is very precise, however, the sample
surface can be damaged from mechanical contact with the tip. For soft samples like organic
molecules and polymers the tapping mode is the method of choice, in which the measurement
tip is oscillating at or slightly off its eigenfrequency while not touching the sample surface.
Any forces exercised on the measurement tip change the resonance frequency of the cantilever,
so that the strength of interaction can be calculated.[137] In the commonly used amplitude
modulation mode the amplitude of the cantilever oscillation is kept constant by adjusting the
distance between sample and tip with a z scanner. An image of the sample surface can be created
by scanning the measurement tip over the sample in x and y direction either by moving the
sample beneath the tip or moving the cantilever itself and performing force measurements for
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each point. This is usually done by piezoelectric actuators. Joining x-y position of the cantilever
with the measured interaction strength from the sample, a 3D landscape of the sample surface
can be created. All AFM measurements shown in this work were performed with a Bruker
MultiMode 8 equipment in tapping mode under air. The silicon measurement tips have a spring
constant of ca. 42 N/m and a resonance frequency of ca. 300 kHz. The thickness of evaporated
or spin-coated organic layers on a mechanically stable surface like zinc oxide can be controlled
by scanning over a scratch in the organic layer. Such a scratch can be produced either externally
with a needle or with the measurement tip itself by performing a scan in contact mode with
strong force applied onto the cantilever.

A common parameter for the roughness of a surface is the root mean squared roughness or
RMS. It is defined as the standard deviation of the sample surface height compared to its mean
value.

1 M N
v 2 2 (Flom ) = 2)° (4.2)
=1

m=1n

RMS =

where M and N are the number of rows and lines of the scanned image, and Z the mean height
given by

1 M N

m=1n=1
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Chapter 5

Zinc Oxide Based Hybrid Photovoltaics

Earlier research on organic photovoltaic heterojunctions has shown the important role of carrier
delocalization in the charge separation process.[138, 139] On the one hand, pairs of electrons
and holes situated in extended band structures have a reduced Coulomb attraction due to an
increased distance from each other, which facilitates full carrier separation. On the other hand,
recombination processes are effectively reduced by decreasing the wavefunction overlap be-
tween both particles.

While semi-crystalline polymers like regio-regular P3HT offer very high mobilities in their
crystalline domains involving stacked 7-systems,[110] the presence of organic acceptor mole-
cules (e.g. fullerene derivatives) along with a reduced carrier mobility imposes a serious limi-
tation on the charge separation process in organic photovoltaic devices.[140] A feasible way to
overcome this drawback is to combine an organic donor with of a crystalline inorganic material
as acceptor. Due to its high electron affinity of over 4 eV, Zinc oxide is a promising candidate
for efficient hybrid photovoltaics. Its wide band gap of ca. 3.3 eV makes it transparent in the
whole visible spectrum, so that incident light can pass through it to a donor material.

A thorough study of the charge separation process in a photovoltaic heterojunction requires
a model system which provides a controllable environment for quantitative measurements. A
special focus has to be put on the structure of the active area in which photovoltaic power
conversion occurs. Only a planar heterojunction of donor and acceptor allows an analytical
study of exciton dissociation and carrier recombination processes on a molecular scale as well
as their influence on the behavior of a photovoltaic model device.

In this chapter a model system consisting of atomically flat zinc oxide grown by molecular beam
epitaxy and the polymer P3HT will be presented. Measurements of diode characteristics in the
dark and under illumination allow to asses the photovoltaic functionality of the material system.
Electroluminescence spectroscopy provides valuable knowledge on energy levels in proximity
of the boundary between donor and acceptor and thus allows to evaluate photovoltage losses in
the power conversion process.

The first research on zinc oxide as an acceptor material in solar cells has already been con-
ducted in 1980 by Aranovich et. al. who reached a power conversion efficiency of 8.8 % with
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a ZnO/CdTe heterojunction grown by spray pyrolysis.[141] In the 2000s organic photovoltaics
emerged exploiting the benefits of small molecules and polymers, especially their strong light-
matter coupling for good light absorption. However, their weaknesses in charge carrier mobility
and their low stability brought oxide materials like ZnO back into the focus of research. The
combination of an organic donor with an inorganic acceptor was expected to increase the effi-
ciency of charge separation and prevent interfacial losses due to its better transport properties.
In some studies, ZnO was also used as an electron extracting interlayer added to an entirely
organic donor-acceptor system.[142]

For gaining optimal profit from ZnO/organic heterojunctions, several layer morphologies were
examined in order to maximize the interface area and thus to enhance charge separation. ZnO
nanoparticles[10], nanofibers[15] and nanorods[124] were employed, but despite the promising
perspective of hybrid photovoltaics, power conversion efficiency barely exceeded 0.5 % for the
best devices, significantly lagging behind other material combinations. Different mechanisms
for increasing photovoltaic charge separation were investigated, like the introduction of an or-
ganic monolayer providing an interface dipole to assist the dissociation of excitons, for instance.
In such a model system, the charge separation of a ZnO/P3HT solar cell could be increased by
a factor of 3.[143]

Chemical doping of ZnO opens a variety of ways to manipulate the interface energetics be-
tween inorganic and organic component. The introduction of nitrogen atoms into ZnO leads to
a de-trapping of electrons from interfacial defect states and thereby reduces interfacial recom-
bination with photogenerated holes in P3HT.[144] A similar reduction of surface defect states
can be reached by Cs doping of ZnO, leading to a significantly improved charge separation ef-
ficiency.[145] As a common drawback of eliminating trap states a reduced conductivity in ZnO
can be observed, again limiting the photovoltaic functionality.

Manipulating the interface energetics by alloying ZnO with MgO only allows a small increase
in photovoltaic efficiency.[146] A systematic widening of the inorganic band gap, however, can
serve as a basis for a detailed study of the processes involved in photovoltaic charge generation
at a hybrid inorganic-organic heterojunction. This will be reported in detail in chapter 6 of this
work.

5.1 Epitaxially Grown ZnO and ZnMgO Acceptor Layers

Using molecular beam epitaxy (MBE) for fabrication of ZnO or ZnMgO acceptor layers, as
described in section 3.2.1, results in atomically flat layers of a well-defined orientation, which
are suited for detailed study and quantitative investigation on the processes of charge separation
and recombination. It also offers the possibility for angle-resolved measurements, because the
orientation of an entirely flat interface is constant over a large sample area. Figure 5.1(a) shows
an AFM scan of an oxygen-terminated (000 1) ZnO surface grown by MBE on a sapphire
substrate, revealing terraces of single-atomic steps.

In the layout of a solar cell, a transparent backside electrode is necessary. The commonly
used indium tin oxide (ITO) is not suitable here as it disallows epitaxial overgrowth with ZnO

54



5.2. ZNO AND P3HT AS DONOR AND ACCEPTOR

2.0 nm

(2) ZnO (0001) (b) ZnMgO (0001)

Figure 5.1: (a) AFM scan of an oxygen-polar (0001) 100 nm ZnO layer grown by molecular beam
epitaxy on a sapphire substrate (b) AFM scan of an oxygen-polar (000 1) 100 nm ZnMgO layer grown
on top of a 150 nm ZnMgO:Ga layer on a sapphire substrate.

and its alloys. ZnO and ZnMgO, however, offer the possibility of gallium doping, thereby
increasing its conductivity from 2.6 2 'cm™! to 900 Q2 'em~! without losing the well-ordered
crystal structure[108] as described in section 3.1.4. Band-gap widening in a strongly doped
semiconductor due to the Burstein-Moss shift guarantees a transparent electrode in the whole
transparency range of the undoped layer. The band gap of gallium doped ZnMgO shifts upward
with increasing Mg content in the same way as in the undoped case, ensuring that ZnMgO:Ga
always offers a transparent backside electrode independent of its Mg content. Figure 5.1(b)
shows an AFM scan of the full acceptor system consisting of a 150 nm ZnMgO:Ga layer with a
100 nm ZnMgO layer grown on a sapphire substrate. The Mg content is 14 %. The layer is still
very flat and smooth, and the RMS roughness has only increased from 2.0 Ato 3.2 A, which is
still below the size of a ZnMgO unit cell.[98]

5.2 7ZnO and P3HT as Donor and Acceptor

Zn0O and P3HT form a type II interface when brought into contact. This enables the possibility
of charge separation at the interface by producing excitons in P3HT, which diffuse to the inter-
face. Subsequently, the electron can transfer to the conduction band of ZnO. A common way to
monitor this process is time-resolved photoluminescence spectroscopy. Excitons in P3HT can
either recombine, producing a characteristic photoluminescence spectrum, or dissociate at the
interface without light emission.

The addition of a second decay channel shortens the fluorescence lifetime. A mean charge
transfer time 7cr can be defined as

Tor =Ty —To (5.1)
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with 7y, being the fluorescence lifetime of the new hybrid system and 7 the lifetime of the
unmodified system alone. The efficiency of electron transfer 7cr is then given as
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Figure 5.2: (a) and (b) Schematic depictions of the samples used in photoluminescence transient mea-
surements: (a) ca. 500 nm thick layer of P3HT on a single-crystalline MgO substrate. (b) 3 nm P3HT on
aZnO (000 1) layer grown on a sapphire substrate. (c) Normalized photoluminescence spectra of P3HT
on ZnO (000 1) and MgO substrates including typical Raman lines for ZnO and MgO. The contribution
of the S1,—0 — So,,—o transition at ca. 1.9eV decreases in a thicker P3HT layer due to re-absorption
and increased crystallinity.[147] Eqet = 1.91 eV marks the detection energy for photoluminescence tran-

sients. The excitation energy is 2.33 eV with a density of ca. 600 mW /cm?.

Two samples are fabricated to prove charge separation at the ZnO/P3HT interface. One sample
consists of an epitactically grown ZnO (000 1) layer on top of a sapphire substrate with a very
thin spin-coated P3HT layer of only 3 nm thickness on top. The thin organic layer ensures that
all produced excitons are likely to reach the interface in spite of their limited diffusion length of
only a few nanometers. The second sample is fabricated to measure the intrinsic fluorescence
lifetime of P3HT without contact to any interface. Therefore an inert single-crystalline MgO
substrate is used which disallows transfer of both electrons and holes from P3HT due to its very
wide band gap. As spin coating of P3HT fails due to a significant lack of adhesion forces, a ca.
500 nm layer of P3HT is fabricated by drop-casting.

Figure 5.2(c) shows the normalized photoluminescence spectra of P3HT on ZnO and MgO
measured with an excitation energy of 2.33 eV. Photoluminescence transients are measured at
a detection energy of Eg = 1.91¢eV in the maximum of the S; ,—g — Sy ,—o transition peak.

The transients recorded in time-resolved photoluminescence measurements show the effective
quenching of excitons in P3HT by opening charge transfer as an additional decay channel.
Their mean lifetime decreases from 75 = 600 ps in a thick bulky layer on an inert substrate to
Ter = 148 ps in contact with a ZnO acceptor surface. This yields a mean charge transfer time
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Figure 5.3: Photoluminescence transients of P3HT photoluminescence on ZnO (0001) and MgO
substrates show a clear shortening of fluorescence lifetime due to exciton quenching at the ZnO/P3HT
interface.

of 7cr = 196 ps and corresponds to an exciton dissociation rate of 7 ~ (.76. Dissociation of
excitons at the type II interface is a process of good efficiency which promotes the combination
of ZnO and P3HT as an interesting candidate for inorganic-organic hybrid photovoltaics.

5.3 ZnO/P3HT Planar Heterojunction Photodiodes

Photodiodes fabricated from a ZnO/Zn0O:Ga acceptor and a 240 nm thick P3HT layer as donor
show a very good rectification behavior. Figure 5.4 shows the current-voltage characteristic
of a ZnO/P3HT photodiode with a rectification ratio 3 = jgf%; of more than 10°. The cur-
rent in forward direction begins to grow exponentially, but then undergoes a current roll-off at
an applied bias above 0.3 V. The characteristics are well reproducable between several diode

contacts on the same sample.

Under illumination, a ZnO/P3HT diode produces a photocurrent. In the spectrum of external
quantum efficiency (EQE) in figure 5.5(a) it is visible that light absorption in both P3HT and
ZnO contribute to the current output. The absorption spectrum of P3HT is clearly visible in the
EQE spectrum, but also excitons produced in ZnO can migrate to the interface and dissociate
there. This results in the contribution at ca. 3.3 eV. At higher photon energies a filter effect due
to the thick ZnO and ZnO:Ga layers sets in, which prevents further photocurrent. As the sample
is illuminated from the backside, excitons are only produced within the absorption length of ca.
50 nm[148] after entering the inorganic layer. The distance that these excitons would have to
diffuse to the interface is too far to give a significant contribution to power conversion.

The room temperature EQE at the maximum of P3HT absorption of ca. 1 % appears to be low
compared to other photovoltaic devices. The main reason for this is the short exciton diffusion
length in P3HT of Lp ~ 5 — 8.5 nm[22, 79] limiting the range from where excitons can reach
the interface for charge separation to a slice, which is thin compared to the optical absorption
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Figure 5.4: A ZnO/P3HT photodiode shows very good rectification over more than 5 orders of magni-
tude.

depth of P3HT (ca. 60nm). Lp - o =~ 0.1, meaning that only 10 % of all photons are absorbed
in the relevant range for charge generation, while 90 % of all excitons emerge far away from the
interface and recombine without getting the opportunity for charge separation. For this reason,
in actual photovoltaic devices nano-structured oxide layers are employed in order to minimize
the pathway for excitons in the donor to reach the interface.
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(a) EQE spectrum (b) J-V characteristic under 1 sun illumination
Figure 5.5: (a) In the external quantum efficiency (EQE) spectrum of a ZnO/P3HT photodiode pho-
tocurrent produced by absorption in both components can be observed. « gives the absorption coefficient
measured from a P3HT layer on a sapphire substrate. (b) Current-voltage characteristics of a ZnO/P3HT
solar cell in the dark and under 100 mW /cm? AM 1.5G simulated solar spectrum (with UV cut off).

Under the modified 100 mW /cm? AM 1.5G simulated sunlight spectrum with UV irradiation
cut off by a 395 nm edge filter, a short circuit current of 0.058 4+ 0.004 mA /cm? is produced.
The open circuit voltage is 0.46 £ 0.03 V with a fill factor of 52 % + 2 %, resulting in a power
conversion efficiency of 0.014 % + 0.002 %.
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In table 5.1 the obtained performance data from this solar cell is compared to the results from
other planar ZnO/P3HT devices from literature with ZnO fabricated by other methods. The
higher values of V¢ and fill factor indicate a high sample quality with a very small contribution
from a shunt resistance. However the produced photocurrent significantly lags behind most of
the literature values. This can be attributed to the increased surface area of ZnO fabricated by
other methods providing less crystalline quality like wet-chemical sol-gel processing and spray
pyrolysis.

Table 5.1: Comparison between the ZnO/P3HT solar cells employing MBE grown zinc oxide and other
planar ZnO/P3HT devices from literature, including atomic layer deposition (ALD), spray pyrolysis and
wet chemical sol gel deposition. The last row shows a planar P3HT/PCBM device.

ZnO Voc (V) Jsc (mA/cm?) | Fill factor PCE

This work 0.46 £0.03 | 0.058 =0.004 | 52% £+ 2% | 0.014 % + 0.002 %
ALDI[144] 0.22 0.17 37 % 0.014 %
Spray pyrolysis[143] 0.21 0.47 42 % 0.04 %

Sol gel[149] 0.31 0.40 44 % 0.055 %

Sol gel[145] 0.24 0.97 49 % 0.12%
P3HT/PCBM[150] 0.50 1.51 53 % 0.40 %

The growth of single-crystalline ZnO acceptor films by MBE is the only fabrication method
to obtain a well-defined layer morphology and uniform surface termination, which cannot be
guaranteed by other fabrication methods. This opens the possibility for a quantitative study of
photovoltaic function and recombination processes.

To compare the presented hybrid inorganic/organic solar cells to entirely organic cells, the
data of a planar P3BHT/PCBM device from literature is displayed here. The heterojunction of
P3HT/PCBM is expected to have a similar energetic configuration to ZnO/P3HT which enables
an evaluation of the individual efficiencies and losses. The planar P3BHT/PCBM device, how-
ever, outclasses all presented ZnO/P3HT devices in every single category. None of the hybrid
devices can reach the values of organic diodes, neither in photocurrent nor in open circuit volt-
age or in fill factor. The power conversion efficiency of P3HT/PCBM amounts to seven times
the efficiency of the best ZnO/P3HT device.

While fill factor and open circuit voltage of the MBE grown ZnO/P3HT diodes are very similar
to those of P3HT/PCBM, the short circuit current is decreased by more than one order of mag-
nitude. Consequently, there must be an intrinsic mechanism leading to severe recombination
losses in the ZnO/P3HT solar cells. Careful investigation of the photovoltaic power conversion
process will provide insight into the factors determining the efficiency of hybrid solar cells.
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5.4 Temperature-dependent ZnO/P3HT Photovoltaics

5.4.1 Vpc and Jsc at Different Light Intensities

Commonly, the short circuit current in photovoltaic devices is directly proportional to the il-
lumination density as long as charge extraction is not limited by a high series resistance. In
figure 5.6 it is shown that this relation fits well to the measured data of a ZnO/P3HT solar cell
up to an illumination density 3 times higher than standardized solar irradiation. A power law
fit Jsc o< Figy yields a value of o = 0.94 indicating only a slight deviation from linear be-
havior at high irradiation densities. At lower temperatures, charge extraction from the interface
is hampered by a reduced carrier mobility in the P3HT layer. This behavior becomes visible
as an s-shape in the diode characteristics under illumination, and leads to a deviation from the
proportionality between illumination density and short circuit current. A detailed description of

the photovoltaic efficiency at lower temperatures will be elaborated in section 6.4.1.
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Figure 5.6: Jsc (red triangles) and Ve (blue squares) of a ZnO/P3HT diode with dpsyt = 240 nm at

illumination intensities between 0.35 mW / cm? and 315 mW / cm? together with a linear fit for Jsc (red
dashed line) and a fit according to equation 5.3 (blue solid line).

The open circuit voltage of a diode can be obtained from the Shockley equation 2.6 by imposing
the condition J = 0 and assuming that the photocurrent ./, is equal to the short circuit current
Jsc at any applied voltage, yielding the relation

fen T
Voc = B2 1 (ﬂ> . (5.3)
q

A combination of both relations allows to determine the ideality factor n and recombination
current J; of a device by evaluating measurements at different illumination intensities. For
the ZnO/P3HT device analyzed in figure 5.6 n ~ 1.6 and Jy ~ 1.0 x 107® mA /cm? are ob-

tained, which justifies the assumption JJLOC > 1. This is necessary for replacing In (JJLOC — 1) by

In (%) when simplifying equation 2.15 to equation 5.3.
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Constant monitoring of the incident light intensity, however, is neither practical nor accurate
in actual laboratory measurements. Therefore, it is recommendable to directly evaluate the
quantities Vo and Jsc as they can be measured easily and precisely.

5.4.2 Eliminating Transport Losses from the Diode Characteristics

Current-voltage characteristics of real devices are always influenced by series and shunt resis-
tances as described in equation 2.7. If photovoltaic data is available over several temperatures
and a series of illumination densities, the influence of transport phenomena can be isolated
following the Jsc-Voc method which is explained in more detail in section 2.3.6.1.

In the J-V curve of a ZnO/P3HT diode, no significant shunting behavior can be detected. The
exponential regime reaches down to current densities below the detection limit of the measure-
ment hardware. Consequently, only a series resistance is active here, limiting the diode current
in forward direction.

Pairing the measured Jgc and V¢ for different illumination intensities yields points of a hypo-
thetical loss-less characteristic of the bare heterojunction. In figure 5.7 a measured diode curve
is compared to an ideal diode modeled from the V¢ and Jsc measured from the same device.
At a temperature slightly below room temperature, 275 K, the voltage drop at the heterojunction
hardly differs from the external bias applied to the diode, while at 7" = 190 K the voltage losses
rapidly increase with higher current density.
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Figure 5.7: Measured J-V characteristic (blue line) compared to an ideal diode modeled from Jsc and
Voc values for illumination intensities between 0.35 mW /cm? and 315 mW /cm? (red circles). Temper-
atures: (a) 275K and (b) 190 K. The grey area shows the transport losses occurring at a forward bias
greater than 0.3 V.

In a ZnO/P3HT diode, transport losses emerge at a forward bias greater than 0.3 V. This can
be related to the built-in voltage of the device. At higher bias a space charge region forms in
the P3HT hampering current transport. A detailed model describing the transport losses for
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ZnMgO/P3HT diodes is discussed in section 6.2.1.1.

5.4.3 Ideality Factor n and Carrier Recombination in a ZnO/P3HT Diode

The simple form of the Shockley equation (equation 2.6) can be used to determine the ideality
factor n and recombination current .Jy from V¢ and Jsc values. More insight into the physical
processes at the heterojunction is provided by the differential method to determine the ideality
factor n depending on the photocurrent density as described in section 2.3.6.1.
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Figure 5.8: Ideality factor n of a ZnO/P3HT heterojunction calculated via the differential method for
illumination densities from 0.35 to 315 mW /cm? at temperatures between 190 K and 275 K.

Under very low illumination density, in figure 5.8 the residual influence of a parallel shunt resis-
tance is visible in the increased values of n. In this regime, n is highly dependent on temperature
and reaches values significantly larger than 2 at lower temperatures. This behavior can also be
observed in organic heterojunctions.[65, 66] Under stronger illumination, the calculated ideal-
ity factors lie between 1 and 2, as expected from the simplistic model of radiative bimolecular
and trap-assisted recombination as the only recombination channels.

At temperatures around room temperature, an ideality factor of n = 1.55 &£ 0.20 can be derived
from the differential analysis. Between 293 K and 240 K, n only shows a slight variation with
increasing temperature.

Recent modeling of organic heterojunctions has shown that an exponential tail of trap-states
contributing to non-radiative losses of a solar cell are likely to lead to a strongly temperature-
dependent ideality factor n proportional to %.[65] The negligible variation of n indicates that
the losses at a ZnO/P3HT heterojunction are dominated by another form of recombination.
Bimolecular band-to-band recombination of free carriers and radiative or non-radiative recom-
bination in a localized density of discrete trap states are likely to happen instead.
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5.4. TEMPERATURE-DEPENDENT ZNO/P3HT PHOTOVOLTAICS

5.4.4 Thermal Activation of Recombination Current

The n and .J, values obtained from fitting the V¢ and Jsc data to the ideal diode equation at
different temperatures can serve to calculate an estimate for the activation barrier for the recom-
bination current in the diode. In order to minimize the influence of a shunt resistance detected
in the previous section, only values with illumination densities greater than 3.5 mW /cm? are
considered in this calculation. Figure 5.9(a) shows the extraction of n and J; values from pho-
tovoltaic data measured at temperatures between 115 K and 293 K. Below 190 K the relation
between V¢ and Jsc deviates from a simple exponential behavior and shows a significantly re-
duced short circuit current at higher illumination densities. Therefore, the following evaluation
is only performed for the temperature range between 190 K and room temperature.
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Figure 5.9: (a) Jsc as a function of V¢ at temperatures between 115 K and room temperature (293 K).
The solid lines represent the data fits for extraction of n and Jy values. Only illumination densities
between 3.5 mW /cm? and 315 mW /cm? were taken into account for the calculation. (b) A modified
Arrhenius plot displaying n x In(.Jy) against % yields an activation energy of 1.03 + 0.03 eV for the
recombination current in a ZnO/P3HT diode.

Departing from equation 2.22, a modified Arrhenius plot can be set up to determine the activa-
tion energy for the recombination current in the diode F,:

nxIn(Jy) =n xIn(Jy) — E];Ct (%) (5.5)
B

Knowing the values of n, Jy and the thermal energy kg1’, only the coupling parameter Jyo and
the activation energy [/, serve as parameters in a linear fit, depicted in figure 5.9(b), yielding
values of E, = 1.03 £ 0.03eV and Jy; = 8.1 x 10°mA /cm?. An equivalent analysis can
be performed using the parameters n and J; obtained from a data fit to a diode model which
involves transport losses in the organic acceptor layer, as described in section 2.3.8. Such an
analysis will be performed for ZnMgO/P3HT devices in section 6.2.1.1.

63



CHAPTER 5: ZINC OXIDE BASED HYBRID PHOTOVOLTAICS

5.4.5 Temperature-dependence of V¢

Combined analysis of V¢ measurements with variable light intensity and temperature yields
additional information about the energetic properties of a donor-acceptor interface in a device.
In figure 5.10 temperature dependent Voc measurements of a ZnO/P3HT device at several il-
lumination intensities between 0.35mW /cm? and 315 mW /cm? are shown. Towards lower
temperatures, the open circuit voltage increases in all cases until it experiences a drop at tem-
peratures below 120 K. This reduction can be connected to the presence of a large but finite
shunt resistance in the device, whose influence only becomes visible at low photocurrent densi-
ties.[151] The series resistance imposed by passage through the doped ZnMgO:Ga and undoped
Zn0 layer in the measurement circuit does not play a role here, as no net current flows outside
the device per definition.

Using a linear extrapolation departing from the high temperature region of the V¢ vs. 1" curve,
the maximally possible open circuit voltage Vocmax can be estimated. Following the simplistic
model in equation 2.17, this value corresponds to the HCTS transition energy at the interface.
Figure 5.9(a) shows that Jgc is approximately constant for temperatures between 200 K and
room temperature, so this temperature range will be considered for the analysis. The linear
extrapolations approach each other towards lower temperatures, but do not exactly intersect at
0 K as expected from the theoretical model.

The deviations between different illumination intensities again result from the shunt resistance.
M. Runge showed that by considering the photovoltage losses induced by leaking photocurrent
through a shunt resistance, this effect can almost entirely be eliminated.[151] Values for the
highest light intensities remain almost unchanged by these corrections, so the influence of a
shunt resistance is minimized under these conditions. Consequently, a value of Voc max = 0.98+
0.05V can be calculated from experimental data.
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Figure 5.10: Combined light intensity and temperature dependent analysis of the Vpc of a ZnO/P3HT
diode. The solid lines mark linear extrapolations from the temperature region between 200 K and
room temperature. Light intensities between 0.35 mW /cm? and 315 mW /cm? have been chosen. The
straight lines do not converge perfectly at 0 K, but approach each other for illumination densities above
35mW/ cm?. A Voc.max value of 0.98 £+ 0.05V is extrapolated.
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5.5. HCTS ELECTROLUMINESCENCE FROM A ZNO/P3HT INTERFACE

This, however, does not exactly correspond to the HCTS transition energy Eycrs as in the
simplified model used here only radiative carrier recombination in the device is considered. A
thorough analysis of the influence of non-radiative processes on the photovoltaic performance
of hybrid devices is performed in section 6.4.2.

5.5 HCTS Electroluminescence from a ZnO/P3HT Interface

Electroluminescence (EL) measurements are a powerful tool for studying the properties of a
hybrid interface. From the signatures of radiative emissions knowledge about the recombination
processes of carriers between the two components can be gained and the situation of energy
levels can be deduced.

Applying forward bias to a planar ZnO/P3HT photodiode produces an electroluminescence
(EL) spectrum consisting of two components: A signal from P3HT bulk luminescence in the
visible red spectral range similar to its PL spectrum and an additional broad feature in the near
infrared. The latter is approximately Gaussian-shaped and can be assigned to direct HCTS
recombination at the interface. Figure 5.11 schematically depicts the processes connected to
the two features. Distribution between the two components can depend on applied voltage,
device temperature and the injection barrier A F. determined by interfacial level alignment.
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Figure 5.11: Under forward bias two processes can produce an electroluminescence signal: (a) Direct
HCTS recombination at the interface, yielding a signal in the near infrared spectral range. (b) Electron
injection into P3HT with subsequent formation and recombination of Frenkel excitons in P3HT. The
bulk luminescence spectrum of P3HT is situated predominantly in the visible red.

In figure 5.12(a) two EL spectra of a ZnO/P3HT diode with dpsyr = 90 nm measured at applied
voltages of 2.25V and 4.0 V are shown. With higher applied bias the spectrum does not only
grow in intensity but also alters its shape. The maximum of the HCTS peak shifts towards
higher energies by about 80 meV without detectable broadening. The linewidth given by the
variance ¢ remains constant at 117 &= 15 meV. Furthermore, the composition of the spectrum
undergoes a clear change: While at low bias the P3HT bulk luminescence is hardly visible, it
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clearly dominates the spectrum at 4.0 V. The comparison to a photoluminescence spectrum of
the same device shows that there is no detectable HCTS peak upon optical excitation.
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Figure 5.12: (a) Room temperature electroluminescence spectra of a ZnO/P3HT diode with dpsgr =
90 nm measured at applied voltages 2.25V (green line) and 4.0 V (blue line). Photoluminescence spec-
trum of P3HT on the same device upon optical excitation with A = 532nm does not show an HCTS
peak (black dashed line). (b) Voltage-dependent peak positions for HCTS luminescence from the same
diode.

Figure 5.12(b) gives the progression of HCTS EL peak positions over a range between 2V
and 5V, showing a continuous blue-shift towards higher bias with a slightly sub-linear growth
mode. A similar behavior has been observed for luminescence from charge-transfer states at
organic[33] and hybrid[41] heterojunctions before, with its origin still being heavily discussed.
A conclusive explanation along with more experimental data will be given in section 6.3.1.

The position of the EL maximum FEgy .« together with the spectral linewidth o can be used to
estimate the transition energy Fycrs according to the relation given in section 2.3.3:

0.2

B = Frlmax + —— )
HCTS EL.max T T (5.6)

In order to minimize the influence of the voltage-dependent EL blue-shift, the measurement
with lowest applied bias is considered here. With this value, the calculation yields an HCTS
transition energy of 1.14eV.

5.6 Discussion of Results

As expected from its type II interface alignment, the heterojunction formed by ZnO and P3HT
is able to dissociate excitons into free charge carriers. The high quenching ratio of 76 % at room
temperature obtained in time-resolved photoluminescence quenching measurements promises
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5.6. DISCUSSION OF RESULTS

efficient photovoltaic power conversion for photovoltaic devices made from this material sys-
tem. Prototypical photodiode devices of ZnO and P3HT prove a photovoltaic effect at the
hybrid interface. Light absorption in both materials can contribute to a photocurrent. Due to
permanent ionization of trap states in the inorganic component under UV irradiation, only pho-
tocurrent produced by dissociation of Frenkel excitons in P3HT allows a quantitative treatment.

The main objective in this study is to reveal the connection between interface energetics, gener-
ation and recombination processes and photovoltaic losses. The HCTS transition energy Fycrs
plays a central role in the device physics. In this section, three approaches to determine this
energy are presented.

From thermal activation of the recombination current in a ZnO/P3HT diode an energetic bar-
rier of 1.03 = 0.03eV can be determined. The n and .J; values used in this calculation are
determined by employing the Jsc-Voc method, which eliminates the influence of parallel and
shunt resistances in the device. From temperature-dependent measurements of the open circuit
voltage a maximal value Vocmax = 0.98 £ 0.05eV for 7' — 0 can be extrapolated. The two
methods produce a fairly good agreement, but both of them are based on a simplistic model, as-
suming a single carrier recombination mechanism and particularly neglecting any non-radiative
processes. Electroluminescence measurements have shown, however, that interfacial carrier re-
combination involves at least two radiative processes. Therefore, a more sophisticated model
has to be derived to gain a wider understanding of device physics.

From peak position and linewidth in electroluminescence measurements, a higher value for
Eyers can be deduced, 1.14eV. As the spectral position of the HCTS EL signal depends on
bias applied to the heterojunction, it requires a deeper understanding of the underlying processes
in order to correctly interpret the measured data. As the electroluminescence peak experiences a
bias-dependent blue-shift, it is likely, that Eycrs is smaller than the value determined here. Con-
sequently, all three measurements yield HCTS transition energies in the region around 1.0eV.

The open circuit voltage measured at room temperature Voc = 0.46 V remains rather small.
The photovoltage losses at the heterojunction of ca. 540 meV are comparable to the sum of
losses in purely organic systems like P3HT/PCBM][25] and fit well into the commonly cited
empirical relation for organic solar cells ¢Voc = AFEjo — 0.6 eV.[24] This is in contrast to the
expectations to an inorganic-organic hybrid systems, as high carrier mobility in ZnO is expected
to contribute to a more efficient charge separation and to prevent recombination processes.

In the next chapter a model system with tunable interfacial energy gap will be set up in order to
study the photovoltaic charge separation processes in hybrid oxide/organic solar cells in greater
detail. This allows to understand the processes of charge carrier recombination and to quantify
and explain the inflicted photovoltage losses.
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Chapter 6

ZnMgO as a Model System for
Oxide/Organic Photovoltaics

A planar heterojunction of ZnMgO and P3HT is chosen as a model system to investigate the
charge separation process and the role of hybrid charge transfer states in photocurrent produc-
tion and losses therein. Partial alloying of ZnO with MgO as described in section 3.1.2 allows
to continuously increase its band gap energy without altering its crystalline structure and back-
ground doping density.[98] A set of photodiodes with different Mg contents is fabricated for a
detailed investigation of the connection between device behavior and interface energetics.

The photovoltaic function of ZnMgO/P3HT heterojunctions will be studied in order to under-
stand the charge generation process and to derive a conclusive model for HCTS dissociation.
Time-integrated and time-resolved electroluminescence measurements provide valuable knowl-
edge on the physical properties of HCTS and photovoltaic losses inflicted by their interfacial
recombination. Combined analysis of UV photoelectron spectroscopy, temperature-dependent
photovoltaics and EL spectroscopy will yield information on interface energetics and help to
estimate the photovoltage losses in a metal-oxide/organic heterojunction. The goal of research
is to establish a generalized device model suitable for metal-oxide/organic heterojunctions in-
dependently from the exact choice of inorganic and organic materials.

6.1 Interface Energetics at ZnMgO/P3HT Heterojunctions

The magnesium content x in the set of Zn;_,Mg,O/P3HT photodiodes presented in this chapter
spans over a range from 1% to 14 %. According to optical transmission experiments, a Mg
content of 1 % results in an increase in the ZnMgO band gap of about 50 meV compared to pure
Zn0O, while a Mg content of 14 % widens the band gap by about 300 meV (see figure 3.2(a)).
In previous studies the photovoltaic functionality of ZnMgO/P3HT devices for Mg contents up
to 35 % has been shown.[146] In this section the influence of this band gap widening on the
interface energetics will be clarified before the effect on photodiode behavior is discussed.

UV photoelectron spectroscopy measurements are performed in order to obtain information on

69



CHAPTER 6: ZNMGO AS A MODEL SYSTEM FOR OXIDE/ORGANIC PHOTOVOLTAICS

the interface energetics of a ZnMgO/P3HT interface. Particularly the influence of inorganic
band gap widening on the hybrid interface gap energy A Ejo between ZnMgO conduction band
and P3BHT HOMO can be studied by interpreting the experimental data. In figure 6.1 the UPS
spectra for a Zng g9Mg( 01 O/P3HT interface is depicted, figure 6.2 shows the spectra for a Mg
content of x = 0.14.
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Figure 6.1: UPS measurement of a Zngg9Mgg.01 O/P3HT interface: (a) SECO and (b) valence band
spectra of the pristine Zng.g9Mgg.010 surface (blue) and the corresponding hybrid interface (red). The
onset energies are rounded to 50 meV to account for measurement uncertainty. The P3HT thickness is
15 nm.
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Figure 6.2: UPS measurement of a Zng ggMgo.14O/P3HT interface: (a) SECO and (b) valence band
spectra of the pristine Zng ggMgp 140 surface (blue) and the corresponding hybrid interface (red).

The valence band onsets of pristine Zn;_,Mg, O are found at 3.39 eV for z = 0.01 and 3.63 eV
for x = 0.14 below the Fermi energy Er. Both samples show a sharp onset from the back-
ground to the slope of the valence band similar to the valence band onset of ZnO reported in
literature.[152] This indicates a low density of intermediate trap states between valence and
conduction band for both Mg contents as well as for intrinsic ZnO.
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6.1. INTERFACE ENERGETICS AT ZNMGO/P3HT HETEROJUNCTIONS

The secondary electron cut off (SECO) yields work functions ® = 3.92eV (z = 0.01) and
® = 3.85eV (x = 0.14). After deposition of a 15nm P3HT layer by spin-coating the fea-
tures of the polymer’s HOMO orbital become visible showing a pronounced onset at 0.81 eV
for x = 0.01 and 1.01 eV for = 0.14. Upon deposition of P3HT the work function is slightly
reduced by 100 meV (x = 0.01) respectively 150 meV (z = 0.14). A similar effect has been ob-
served at heterojunctions between ZnO and small molecules before[153] and is attributed to an
electron push-back effect, in which the electron cloud of an organic adsorbate pushes back the
charge carriers in the inorganic substrate leading to a reduction in work function for the hybrid
compound.[154] The positions of the inorganic conduction bands are taken from optical trans-
mission measurements on Zn; _,Mg,O taking into account the exciton binding energy of ca.
60 meV[89] which is added to the measured optical gap values to obtain the exact conduction
band position. The energetic position of the P3BHT LUMO is calculated using the PSBHT HOMO
energies and adding the band gap energy 2.5¢eV taken from direct and inverse photoemission
spectroscopy data in literature.[112]

(a) (b)

Zny9oMgo 0O  P3HT ZnggsMgo 140 P3HT
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Figure 6.3: Energy level alignment at Zn;_,Mg,O/P3HT interfaces with (a) x = 0.01 and (b) x =
0.14. All values are given in eV and rounded to 50 meV to account for the uncertainty of the UPS
measurements. The red arrows mark the values derived from UPS onsets, the black arrows indicate
optical band gap energies determined by optical transmission. The energy gap A Fjp is marked by blue
arrows.

The energy level alignment obtained from UPS measurements and optical transmission spec-
troscopy is depicted in figure 6.3. A background doping density of ca. 10'7ecm =2 in ZnMgO
places the Fermi level about 100 meV below the conduction band minimum. In the surface
region the bands are slightly bent downwards so that the conduction band touches the Fermi
level. The measured ionization potential of P3HT of 4.6+ 0.1eV corresponds very well to
literature values.[112] The energy offset between the P3HT LUMO and the ZnMgO conduc-
tion band provides the driving force for interfacial charge separation. It is large (1.7eV for
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x = 0.01 and 1.5eV for x = 0.14) and exceeds the exciton binding energy of P3HT which is
ca. 700meV.[113] This means that ca. 1eV of exciton energy will be lost in the power con-
version process. Recent research on organic heterojunctions has shown that very small LUMO
offset energies in the range of 10 meV can suffice to effectively drive a charge separation pro-
cess.[155]

The most relevant parameter for photovoltaic operation is the hybrid energy gap A Ejo between
the Zn; ,Mg,O conduction band minimum and the P3HT LUMO. It is found to scale from
0.80 = 0.05eV for x = 0.01 to 1.00 = 0.05eV for x = 0.14. Consequently, the variation of
the Mg content in ZnMgO allows tuning the interface energetics between organic and inorganic
semiconductors, which is the base of the quantitative research on photovoltaic device param-
eters presented in this chapter. The widening by 200 meV upon increasing the Mg content in
Zn;_,Mg.O from 1 % to 14 % means that ca. 75 % of the inorganic gap widening contribute to
an upward shift of the conduction band while ca. 25 % lower the valence band. This is a higher
contribution from the conduction band than the values previously published in literature, which,
however, still lie within the margin of error.[101]

6.2 Planar ZnMgO/P3HT Photodiodes

After confirming the assumption that ZnMgO and P3HT form a type II interface, in this section
the basic photovoltaic functionality of ZnMgO/P3HT photodiodes is probed. .J-V characteris-
tics in the dark and under AM 1.5G illumination are studied at various temperatures between
148 K and room temperature.

6.2.1 Diode Characteristics in the Dark

Following the sample layout described in section 3.4, planar Zn;_,Mg,O/P3HT diodes with
Mg contents of x = 0.01, x = 0.05 and « = 0.14 both in the Ga-doped and undoped part are
fabricated with a P3HT thickness of 240 nm. All diodes show a very good rectification over at
least five orders of magnitude as depicted in figure 6.4.

6.2.1.1 Modeling Diode Characteristics

The diode characteristics measured at different temperatures can be analyzed by fitting them to
the model for space-charge limited current in a hybrid inorganic/organic diode device developed
by Renshaw, Panda, Forrest et. al.[42, 55] as described in section 2.3.8.

Vo = ALip AEf’p) (6.1)

Here AL}, denotes the change of Fermi level over the organic layer due to a space charge
layer which causes a current roll-off at higher bias in forward direction. V;, denotes the voltage
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Figure 6.4: Representative current-voltage characteristics for Zn; ., Mg, O/P3HT devices in logarithmic
scale show the very pronounced rectification ratio of more than 10 independent of the Mg content in the
acceptor layer.

applied to the device, kg1 gives the thermal energy. The dark saturation current J, and the
ideality factor n are used as fit parameters together with the carrier mobility in the organic o
which enters into the formula for AE,.
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Figure 6.5: Current-voltage characteristics of a Zng g5sMgg.05sO/P3HT diode with a P3HT thickness of
240 nm measured in the dark at temperatures between 148 K and room temperature (solid dots). Fits
according to the model presented in section 2.3.8 are performed in regions of J(V) > 10"°mA /cm?
and marked as solid lines.

Figure 6.5 shows J-V characteristics from a Zng 95Mgg 0sO/P3HT diode measured at temper-
atures between 148 and 298 K in the dark. The forward current hereby decreases over several
orders of magnitude towards lower temperatures. The curves are fitted with the model men-
tioned above in the region where the current J(V') > 10~°mA /cm? which accounts for the
specified sensitivity of the Keithley 2601 SourceMeter used for the measurements, i.e. (100 pA
corresponding to a current density of 107> mA /cm?).

The fit parameters J; and n obtained by fitting the model to the J-V characteristics from figure
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Figure 6.6: (a) Fit parameters Jy and n obtained from the fits to the J-V characteristics from figure
6.5. (b) Modified Arrhenius plot: The slope of n x In (Jy) vs. % gives the activation energy FE, for
recombination current in the diode.

6.5 are depicted in figure 6.6(a). The saturation current decreases by more than three orders
of magnitude between 298 and 168 K while the ideality factor increases from ca. 1.6 to 2.4.
Equation 2.22 can be employed to calculate the activation energy for dark current in the diode.
As the ideality factor n depends on temperature a modified form of an Arrhenius plot has to be
used here, following equation 6.2.

Eact 1

kg (T)

The activation energy values calculated from Zng g5sMgg 0sO/P3HT and Zng gsMgg.14O/P3HT
diodes are listed in table 6.1. Assuming that all diode current is realized by recombination of
interfacial charge transfer states, this activation energy corresponds to the transition energy of an
HCTS. Consequently, by widening the interface energy gap A Ejo, the HCTS transition energy
Eycrs increases analogously, which shows the direct connection between both quantities.

n xIn(Jy) =n x1In(Jy) — (6.2)

This analysis is equivalent to the determination of FE,. from the parameters obtained by using
the Jsc-Voc method, as in both cases transport losses inflicted by limited carrier mobility in the
organic acceptor layer are separated from the charge generation and recombination processes
at the interface. Similar evaluations to analyze the interface energetics have been successfully
performed before in organic[33] and hybrid[55] heterojunction systems.

Table 6.1: Calculated dark current activation energies

Mg concentration ‘ r = 0.05 r=0.14
Eact | 118 £0.08¢V | 1.32+0.10 eV

From the parameters 1o obtained in the curve fit the activation energy for 1o can be calculated
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Figure 6.7: Thermal activation of charge carrier mobility in P3HT calculated from fit data of a
Zn0,95Mg0‘050/P3HT diode.

by setting up an Arrhenius plot as depicted in figure 6.7. The hole mobility x¢ is plotted over
1/T in logarithmic scale with the slope of the curve yielding the activation energy £,. Analysis
of all evaluated diodes with Mg contents of x = 0.05 and x = (.14 yields an average activation
energy of £/, = 113 4= 25 meV, which is a typical value for a hopping transport mechanism in
a weakly ordered polymer.[87, 156]

6.2.2 ZnMgO/P3HT Photovoltaics

Figure 6.8(a) shows External quantum efficiency (EQE) spectra of three Zn;_,Mg,O/P3HT
diodes with + = 0.01, x = 0.05 and x = 0.14 and a common P3HT thickness of 240 nm.
The different onsets on the high-energy side show that not only light absorption in both P3HT
produces a photocurrent, but also absorption in ZnMgO gives its contribution. Depending on
the inorganic band gap, the high-energy absorption onset shifts, but for all Mg contents it only
produces a small peak. The Ga-doped ZnMgO with its slightly higher band gap energy layer
acts as an optical filter, blocking light with higher photon energies from reaching the interface
region. Over the whole absorption spectrum, the charge separation efficiency decreases with
increasing Mg content. The spectrally integrated EQE over the whole excitation spectrum drops
from 1.13% =+ 0.10 % for z = 0.01 to 0.85 % =+ 0.10 % for z = 0.05 down to 0.50 % =+ 0.05 %
for x = 0.14.

The external quantum efficiency of planar ZnMgO/P3HT heterojunctions is limited by the small
exciton diffusion length in P3HT in the same way as measured before with samples involving
Zn0O. However, the quantum efficiency of ZnMgO/P3HT diodes with low Mg content is clearly
superior to the samples made from ZnO and reaches over 2.5 % for x = 0.01 at the peak of
P3HT absorption and thus more than twice the value of pure ZnO.

Figure 6.8(b) shows J-V characteristics for all samples taken in the dark and under AM 1.5G
simulated solar illumination. UV irradiation is cut off from the spectrum to avoid excitation of
ZnMgO and its defects due to persistent photocurrent effects (see appendix A). For all devices
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Figure 6.8: (a) External quantum efficiency (EQE) spectra of Zn;_,Mg,O/P3HT diodes for x = 0.01,
x = 0.05 and z = 0.14 show a decreasing charge separation efficiency with increasing Mg content, while
the high-energy onset of photocurrent shifts towards higher energies. (b) Current-voltage characteristics
for Zn;_,Mg,O/P3HT devices with a magnesium content x. Dashed lines mark dark current curves,
solid lines are recorded under 100 mW /cm? AM 1.5G illumination with an additional filter to cut off
UV radiation.

the fill factor is between 52 % and 56 % and thus independent of Mg content. The short circuit
current Jsc decreases with increasing Mg content in ZnMgO from 0.098 + 0.005 mA /cm? for
r = 0.01 to 0.034 + 0.001 mA /cm? for z = 0.14. This happens in analogy to the decrease
in EQE. Consequently, the overall power conversion efficiency drops by ca. 50 % between
x =0.01land z = 0.14.

The open circuit voltage V¢ increases from 0.40 £ 0.01V to 0.60 = 0.01 V by ca. 200 meV
between x = 0.01 and x = 0.14. This is in good agreement with the results previously reported
by Olson et. al.[146] This increase corresponds to the widening of AFEjo/q measured by UV
photoelectron spectroscopy (see section 6.1) and proves the close connection between Vpc and
the hybrid energy gap. The discrepancy between V¢ as measured at room temperature and
the interfacial gap energy derived from UPS measurements, however, shows the significant
presence of photovoltaic losses.

6.3 Radiative Recombination of HCTS

A profound model of inorganic-organic photovoltaic devices requires an accurate description
of the physical processes related to their interface. Electroluminescence spectroscopy from
ZnO/P3HT diodes (see section 5.5) has shown the presence of hybrid charge transfer states
(HCTS) involving an electron in ZnO and a hole in P3HT. In the following, their physical
properties will be investigated by analyzing the signal of their radiative recombination. Time-
integrated EL spectroscopy will yield knowledge about the energetic structure of a hybrid inter-
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face. Additional time-resolved measurements will reveal valuable information on the internal
structure of HCTS and the related mechanisms of radiative and non-radiative recombination.

6.3.1 HCTS Electroluminescence Spectroscopy

As mentioned before in section 5.5, recombination of HCTS at a metal-oxide/organic interface
produces a luminescence signal which can be detected in EL spectroscopy. The HCTS signal
observed from a ZnO/P3HT heterojunction is situated in the near IR, so the spectrum resulting
from ZnMgO/P3HT heterojunctions is expected to be situated in the same range. Similar to
the signal from ZnO/P3HT diodes described in section 5.5, the EL spectrum here also consists
of two components, direct HCTS recomination at the interface and radiative recombination of
Frenkel excitons in bulk P3HT resulting from electron injection into the organic LUMO.
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Figure 6.9: (a) EL spectrum of a Zng 91 Mgg.g9O/P3HT diode with a P3HT thickness of 150 nm driven
at 2.87V with a current density of 58 mA /cm? (blue line). The EL spectrum comprises P3HT emission
as well as an additional emission feature centered at ca. 1.1 eV and assigned to indirect HCTS radiative
recombination. The emissions of S7 ,—o — Sp,—0..4 transitions in P3HT are modeled by 4 Gaussian
peaks (grey lines) and subtracted from the spectrum to isolate the HCTS peak (red area). (The noise in the
P3HT spectrum is due to the low efficiency of the InGaAs detector in this spectral range.) (b) Normalized
HCTS peaks in EL spectra after subtraction of P3HT bulk luminescence for Zn;_,Mg,O/P3HT diodes
with Mg contents between x = 0.01 and x = 0.14 at an applied bias of ca. 2.5V. HCTS emission
undergoes a blue shift with increasing Mg content in ZnMgO.

The HCTS luminescence peak of ZnMgO/P3HT diodes is situated at higher energies than lumi-
nescence from devices involving ZnO. The exact energy shift depends on Mg content in ZnMgO
and will be discussed later. As a consequence, however, the signals of interfacial recombination
and P3HT bulk luminescence tend to overlap each other. For an exact determination of peak
positions and linewidths, both contributions have to be disentangled first. This is done by inter-
preting the P3HT luminescence as a series of Gaussian fits with Poisson intensity distribution
for the S; ,—o — So,—0.4 transitions as depicted in figure 6.9(a).[147, 157] After subtraction
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of the P3HT bulk features, the single remaining peak can be assigned to indirect HCTS recom-
bination over the interface (see figure 6.9(b)). Its spectral shape is approximately Gaussian, so
that a fit to a normal distribution is used for determining the spectral position of its maximum
and its linewidth given by the variance o.

For several diodes with a Mg content in ZnMgO varying from = = 0.01 to x = 0.14, the spectral
position of P3HT luminescence features remains unchanged and is very similar to its PL signal.
The broad HCTS luminescence peak, however, shifts towards higher energies by ca. 250 meV
as visible in figure 6.9. This indicates a direct connection between EL. maximum and the hybrid
energy gap AFEjo measured in UPS spectroscopy.

With increasing Mg content in ZnMgO, the injection barrier Ec between ZnMgO conduction
band and P3HT LUMO becomes smaller. This leads to an increased contribution of P3HT bulk
luminescence to the EL spectrum. At a Mg content above z = .20, the HCTS luminescence
peak is entirely buried in the low-energy tail of the P3HT bulk signal and therefore cannot be
isolated and analyzed.

6.3.1.1 Delocalization of Charge Carriers in HCTS

As observed before for ZnO/P3HT diodes, the spectral position of HCTS luminescence does
not only depend on the band gap energies of the involved materials, but also varies with applied
bias for the same device. For increasing voltage, a blue shift can be resolved. Similar effects
have already been observed for organic heterojunctions.[33]
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Figure 6.10: (a) The HCTS EL peak of a Zng 9g5Mgg 050/P3HT diode with dpsgr = 240 nm shifts to-
wards higher energies with higher applied voltage. The arrows mark the three peak positions determined
from Gaussian fits to the spectrum. No linewidth broadening can be observed. (b) The HCTS EL peak
linewidth of a Zng gsMgo.14O/P3HT diode with dpsgr = 240 nm does not undergo a systematical change
under different current densities. All measurements were performed at room temperature.

Figure 6.10(a) shows the indirect HCTS electroluminescence of a ZnMgO/P3HT device shifting
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to higher energies with higher applied voltage. The linewidth of the measured peak does not
depend on applied voltage and neither on current as depicted in figure 6.10(b).

The absence of a current-dependent peak broadening rules out a filling mechanism of localized
interface states as the origin of the spectral shift in HCTS luminescence. The involvement
of higher-lying states in recombination processes due to high population in an excited state
maintains the low-energy onset of emission and only shifts the spectral maximum by broadening
the whole emission peak towards higher energies. This effect can be observed in the dynamic
Burstein-Moss effect in case of strong optical excitation to semiconductor structures.[158, 159]
Furthermore, in UPS measurements it has been shown that ZnO has an exponentially decreasing
defect density below the band gap energy and does not provide a Gaussian shaped distribution
of states suitable for explanation of the observed EL spectrum.[152]
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Figure 6.11: (a) The Electric field forms a triangular quantum well in the ZnMgO conduction band and
P3HT HOMO, thus increasing the separation between the ground state energies with increasing electric
field. (b) The EL maximum of a Zng g5Mgg 05O/P3HT diode with dpsyr = 240 nm shifts towards higher

energies proportionally to F 5. The spectral position of the hypothetical field-free electroluminescence
is marked with a grey circle.

From electroluminescence measurements with several applied voltages, a spectral shift depend-
ing on the applied voltage to the power of % has been found instead. Such a relation is produced
by a model regarding the donor and acceptor bands as triangular quantum wells between the
interface boundary and the inclined conduction band/HOMO levels under an electric field as
depicted in figure 6.11(a). This leads to a field-dependent widening of the energy gap between
the ground state energies for electrons and holes

B2\ (9rqF\ ¢
E1<F)=(2m*) (Wg ) (6.3)

with the electric field F', the reduced Planck constant / and the relative carrier mass m*. Be-
cause of the difference in background carrier concentrations between ZnMgO and P3HT, it can
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be assumed that the electric field in the inorganic is screened almost entirely and that all voltage
drop consequently occurs in the P3HT layer, producing the electric field

F = u (6.4)

dP3HT

The difference of work functions between cathode and anode contact leads to a built-in voltage
V4i in reverse direction which decreases the electric field in the P3HT layer. After calculating
the voltage drop in P3HT, it is divided by the P3HT layer thickness dpsyt to obtain the electric
field in the organic.
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Figure 6.12: (a) Spectral positions of EL. maxima from Zn;_,Mg,O/P3HT diodes with Mg contents
of x = 0.01, z = 0.05 and = = 0.14 and varying P3HT thicknesses show the dependence of the EL.
signal on the electric field F' in the organic layer. This data is used for extrapolation of hypothetical
electroluminescence peak positions with F' — 0. (b) Extrapolated HCTS electroluminescence values for
F — 0 from Zn;_, Mg, O/P3HT diodes with Mg contents between x = 0.01 and x = 0.14. The x-axis
gives the band gap energy of the ZnMgO layer in each device. The slope of the dashed line represents the
widening of the hybrid energy gap A Fjp as determined by UV photoelectron spectroscopy (see section
6.1).

Figure 6.11(b) shows the relation between the electric field in the P3HT layer and the resulting
EL maximum shift for a Zng ;Mg 0sO/P3HT diode with dpsyr = 240 nm. External bias be-
tween 2V and 13V is applied to the diode. The dependence of EL peak energy on temperature
is negligible compared to the voltage-induced shift. A similar energetic shift in EL emission
has also been observed for interfaces between ZnO and small molecules.[160]

This model can be verified by comparing electroluminescence spectra of diodes with different
P3HT thicknesses. In figure 6.12(a) it is clearly visible how the HCTS EL maximum shifts
with the electric field, varying either by increasing the applied voltage or by using different
P3HT thicknesses. Moreover, it depends on the hybrid energy gap AFEjo which is apparent
from comparison of Zn;_,Mg,O/P3HT diodes with different Mg contents.
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To compare the positions of HCTS EL maxima for diodes with different hybrid energy gaps, a
hypothetical EL. maximum value obtained by extrapolation to /© — 0 is used. This eliminates
the influence of a field-induced spectral shift and yields the values depicted in figure 6.12(b).
The EL maximum shifts by 200 meV upon increasing the Mg content from 1 % to 14 % which
is in good accordance to the widening of the hybrid energy gap A Ejp.

The fact that the EL. maximum energy reacts to the electric field which is present in the P3HT
layer means that a hole bound to the interface in a hybrid charge transfer state is not confined
to the very surface, but extends its wavefunction into the organic layer. The degree of delocal-
ization is determined by the effective hole mass m* in P3HT, which is used as a fit parameter in
equation 6.3. All ZnMgO/P3HT diodes yield the same value of m* ~ 0.05 - m.. Such a small
effective mass might appear as a surprise at first glance,[161] but in highly ordered polymers in
contact to an acceptor layer, similar low values have been found.[162]

The solution of the Schrodinger equation for a particle in a triangular quantum well formed by
an infinite boundary at z = 0 and an electric field F is given by an Airy function Ai(z).[163]
The wavefunction of its ground state can be written as:

2m* 1\ 3
U(z) = A- Ai ((W%) (sz—E1)> (6.5)

A is a proportionality constant which is to be determined by normalization, F; is the energy
of the ground state as given in equation 6.3. Figure 6.13 shows the wavefunction of a hole in
a triangular quantum well under similar conditions as the room temperature EL. measurements
performed earlier in this section. The wave function maximum z,, is situated more than 5nm
away from the interface, and only about 4 % of the particle’s probability distribution is located
within a distance of 2 nm from the interface.
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Figure 6.13: Energy diagram of a triangular quantum well formed in a P3HT layer of 240 nm thickness
with a total voltage drop of 2.5V over the whole layer. The black dashed line gives the position of
the ground state energy F for an effective hole mass of m* = 0.05m, with the blue area being the
wavefunction of the hole ground state in the triangular quantum well.
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This indicates that electron and hole in an HCTS are bound to each other only loosely, while
both carriers are delocalized perpendicularly to the interface. The simplistic picture of localized
carriers bound to each other at the interface as previously described in section 2.1.4 is not valid
for a ZnMgO/P3HT heterojunction.

6.3.1.2 HCTS EL Broadening Mechanisms

The spectral linewidth of an HCTS EL peak does not depend on voltage or current density as
described above. However, there are other parameters influencing the width of the Gaussian dis-
tribution describing the luminescence peak. One contribution to the peak width is the chemical
composition of the ZnMgO layer. Alloy broadening effects of ZnMgO (which can also be ob-
served in transmission measurements, see figure 3.2(a)) cause an increase in HCTS peak width
due to a less steep onset of the conduction band density of states.[98] When increasing the Mg
content in ZnMgO from 1 % to 14 %, the HCTS peak width o increases from 124 £+ 5 meV to
177£18 meV by almost 50 %, as shown in figure 6.14(b). As reported before in section 5.5, the
linewidth measured at a ZnO/P3HT interface is slightly smaller due to the complete absence of
any alloy broadening.
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Figure 6.14: (a) The variance ¢ of an HCTS emission peak increases towards higher Mg contents
in ZnMgO. This broadening effect can be assigned to alloy broadening, which is also visible in op-
tical absorption measurements of ZnMgQO.[98] (b) Variance o of temperature-dependent EL. measure-
ments on a Zng.95Mg.050/P3HT diode (black squares). Purely homogeneous broadening would lead
to a stronger decrease in linewidth (blue dashed line), while a combination of homogeneous and inho-
mogeneous broadening (black dashed line) yields an inhomogeneous contribution to broadening of ca.
110 meV.

At temperatures below room temperature, the linewidth of an HCTS EL peak decreases (see
figure 6.14). The shrinking is, however, less pronounced than expected from a model of ho-
mogeneous broadening according to Marcus theory (see section 2.3.3). This means that inho-
mogeneous broadening plays an important role in the emission spectrum. Separating the con-
tributions of homogeneous and inhomogeneous broadening using the equation o = /0 + o2
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yields an contribution of inhomogeneous broadening o; ~ 110 meV for a Zng 9sMgg o5 O/P3HT
interface.

Inhomogeneous broadening mainly originates from disorder at a ZnMgO/P3HT interface. Lo-
calized irregularities produce a bumpy landscape of transition energies over the interface plane.
Aside from alloy broadening effects on the inorganic side, the main source of inhomogeneous
broadening are the randomly ordered polymer chains of P3HT. The difference in ionization
potential between different geometrical conformations of P3HT on an acceptor layer of more
than 300 meV[114] gives a convincing explanation for the strong inhomogeneous broadening
in HCTS recombination.

6.3.1.3 Quantum Efficiency of HCTS Electroluminescence

Once a pair of charges forming an HCTS recombines, it cannot contribute to a photocurrent
and therefore contributes to the losses in the photovoltaic process. This applies to both radiative
and non-radiative recombination processes. Analyzing the quantum efficiency of electrolumi-
nescence EQEg; provides insight into the nature of loss processes in a photovoltaic device. As
a first step it can be stated after analysis of integrated EL spectra, that no correlation of EQEg;
with the applied voltage or current density is found. For a direct comparison between quantum
efficiencies at different temperatures, the relative quantum efficiency EQEg; , is introduced,
which gives the EQEg; values of different temperatures as a fraction of the highest measured
value at 77 K:

EQEg, (T)

EQEg (1) = EQE,, (T7K)’

(6.6)

In figure 6.15 is shown how the relative EL quantum efficiency strongly increases while cooling
the device from room temperature to 77 K. This indicates the presence of a thermally-activated
non-radiative recombination channel.

The formulation

EQE,
1 aexp (5)

EQEy (T) = (6.7)

gives a model for the EL quantum efficiency including an alternative decay channel, weighted
by the factor o, with the activation energy E,.. EQE, denotes the quantum efficiency at 0 K.
This formula is used to fit the measured efficiency in figure 6.15. Fitting this model to experi-
mental data yields an activation energy of 70 £ 10 meV for the non-radiative process.

As the EL quantum decreases by two orders of magnitude between 77 K and 295 K, at room
temperature less than 1 % of the charge carriers recombine radiatively. The actual quantum ef-
ficiency at room temperature EQEg; (293 K) is probably even smaller by orders of magnitude,
but no exact value can be given here. Consequently, non-radiative recombination is by far the
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Figure 6.15: Temperature-dependence of the relative EL quantum yield EQEg; . (7") of a diode with
Mg content z = 0.05. The different data points correspond to spectra for several applied bias values.
No correlation of the relative EL quantum efficiency to the voltage drop over the diode is found. The
dashed line shows the data fit according to the model described in equation 6.7. The decrease in EQE
towards room temperature can be connected to a thermally activated non-radiative decay channel with
an activation energy of Ey, = 70 £ 10 meV.

dominating mechanism. In accordance with the principles of thermodynamics, radiative re-
combination is an inevitable process in photovoltaic devices[7], while non-radiative processes
impose additional losses, which are theoretically avoidable. In case of the ZnMgO/P3HT het-
erojunction, the dominance of non-radiative processes at room temperature means a drastic
limitation to device efficiency.

The fact that £, is in the range of the activation energy for diffusion of single hole carriers
in P3HT[87, 156] can give a hint that carrier migration processes can play a role in recombi-
nation behavior. CTS in organic heterojunctions have been shown to move geminately along
the interface plane driven by energetic disorder and diffusion.[164] Due to a strong difference
in dielectric constants and carrier mobilities between ZnMgO and P3HT, such a movement
of an HCTS would be mainly determined by polaron hopping of the hole in P3HT, while the
electron can move along the interface more freely or even bond to one hole after another. A
non-radiative quenching mechanism of localized defect sizes as previously observed in pristine
layers of regio-regular P3BHT[165] might be the reason for thermally activated non-radiative
recombination at the hybrid interface.

6.3.2 Recombination Dynamics of HCTS

Studying the recombination dynamics of hybrid charge transfer states at oxide/organic inter-
faces can help to gain a deeper understanding of the loss processes in photovoltaic charge
generation. Therefore, sharply edged voltage pulses are applied to the diode structure using
a function generator. A combination of a spectrograph and a InP/InGaAsP photomultiplier al-
lows to measure transients of HCTS electroluminescence in the near-IR and calculate decay
times for different ranges of photon energies.
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A voltage pulse length of 10 ps is chosen so that the electric field at the heterojunction is able to
reach a steady state (marked by a constant EL rate). When the applied bias is switched off, the
luminescence transient is measured over a time of 10 us. In each measurement cycle of 20 us
the incidence time of photons arriving at the detector is recorded after a trigger signal given by a
function generator. Incident photons are sorted into bins of 2 ns width. A typical measurement
time for a single transient curve is 400 million cycles, corresponding to slightly over 2 hours.
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Figure 6.16: Electroluminescence transients from a Zng ssMgo.14O/P3HT diode with dpsgr = 240 nm

with voltage pulses of 10 us and V, = 3.5V yield a short decay with 7; =~ 20 ns and a long-lived process

with 79 = 467 + 13 ns at a detection energy of 1.31eV and 7 = 539 + 12ns at a detection energy

of 1.08 eV. The ratio of long-lived and short-lived process depends on the spectral position. The share

of the long-lived charge transfer signal rises from 64 % detected at 1.31eV to 82 % at 1.08eV. HCTS
lifetimes are determined from single exponential fits in the time range between 300 ns and 1000 ns.

The EL transient curves of a ZnMgO/P3HT diode consist of a short decay with a time constant
in the region of the resistance-capacitance time of the measurement circuit (7gc¢ ~ 9ns, see
section 4.4.1) and a long decay with a lifetime 75 between 400 and 550 ns. Depending on
spectral position, the distribution between both decay channels changes. This indicates that
the short-lived transient represents the tail of P3HT bulk emission with a lifetime shorter than
the instrumental response function (ca. 600 ps as measured in section 5.2 and in reference
[166]). EL transient measurements on a ZnO/P3HT diode with an HCTS peak situated further
in the infrared, outside the detectable range only yield a single short-lived decay with 7 ~ 5 ns
originating from the P3HT low energy tail (data not shown here). Pulsed excitation does not
alter the shape of the EL spectrum compared to continuous excitation with the same voltage.

From the transient curves comprising two individual exponential decay regimes like in figure
6.16, the branching ratio into two underlying processes can be calculated. It is defined as the
share of both decays from the total initial population.

The initial population N, of an exponential decay A(t) = Ag - exp (— f) with a time constant 7
and an initial avtivity Ay for ¢ = 0 can be calculated as follows:

0
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Figure 6.17: (a) Time-integrated EL spectrum taken from a Zng gsMg.14O/P3HT diode with dpsyr =
240nm using 10 ps long voltage pulses of V, = 3.5 V. Its spectral shape exactly matches spectra taken
with continuous excitation at the same voltage. This spectrum reflects the different branching ratios
between P3HT bulk and HCTS Iuminescence at 1.08 eV and 1.31 eV as visible in figure 6.16. (b) HCTS
spectrum of a Zng sgMgo.14O/P3HT diode with dpsgt = 115 nm under pulsed excitation with V, = 3.5V
after subtracting P3HT bulk luminescence (red line). EL lifetimes 75 measured under the same excitation
conditions for spectral energies between 1.08eV and 1.31eV show a clear decrease towards higher
photon energies (black diamonds).

Comparing the integral of the whole transient curve to the calculated initial population of the
long-lived decay, a share of 82 % for the HCTS emission is obtained for a measurement at
1.08eV. At 1.31eV it is decreased to only 64 %. As visible in figure 6.17(a), the low-energy
tail of P3HT bulk emission contributes to the EL emission in the latter case, but does not extend
further into the infrared.

By means of a spectrometer a Series of EL transients over a range of photon energies can be
recorded. Figure 6.17(b) shows an overlay of calculated HCTS lifetimes together with a time-
integrated HCTS spectrum of a Zng ggMgy.14O/P3HT diode with dpsyr = 115nm after sub-
traction of the P3HT bulk luminescence. The black marks show the long lifetime 7, calculated
from HCTS transients measured at several emission energies. In the range between 1.08 ¢V and
1.31 eV it decreases from ca. 460 ns to 400 ns. Note that despite the significantly thinner P3HT
layer, the charge carrier lifetimes are comparable to the values reported before in figure 6.16
measured on a diode with a thicker P3HT layer. This rules out re-filling effects of holes flowing
from the P3HT layer to the interface forming new HCTS during the decay process.

A common feature observed for both samples is the decreasing HCTS lifetime towards higher
photon energies. Due to the conformational disorder of the P3HT polymer chains on a ZnMgO
surface, the energetic landscape is not homogeneous. This has already been observed before
in temperature-dependent electroluminescence measurements, showing a strong influence of
inhomogeneous broadening (see section 6.3.1.2). Consequently, electrons and holes can be
situated on different energetic levels depending on their exact site, which results in an uneven
landscape of HCTS transition energies. It is likely that electron and hole forming an HCTS
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are able to migrate geminately along the interface plane during their long lifetime of more than
400ns. A decreased radiative lifetime at higher HCTS transition energies indicates diffusion
towards sites of lower local energies, which temporally act as a sink and thus show longer
lifetimes.

The lifetimes given in this section, however, do not correspond to radiative decay rates of HCTS,
as these are additionally quenched non-radiatively. The purely radiative lifetime can be esti-
mated to be significantly longer than the measured 400 to 600 ns. Taking into account that at
room temperature more than 99 % of all HCTS vanish through a competing non-radiative re-
combination channel as shown in section 6.3.1.3, a lower boundary of 100 - 75 ~ 50 us can be
calculated for the radiative lifetime of HCTS. As the actual EQE; is likely to be even smaller
by orders of magnitudes, even values in the range of milliseconds, as proposed by simulations
in literature[41] are not unthinkable.
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Figure 6.18: (a) Normalized, time-resolved EL intensity spectra extracted from five transients by piece-
wise integration of incident photons and normalizing the resulting spectra. The solid lines represent
Gaussian fits to model an HCTS spectrum from extracted data. Black squares and a spline fit show that
the influence of P3HT bulk luminescence is restricted to the first 10 ns of the transient. Calculated EL
spectra are not corrected for spectral sensitivity of the monochromator and photomultiplier. (b) The peak
energy of the extracted EL spectra shifts towards lower energies with increasing time as expected from
an energetic relaxation process.

Figure 6.18 shows normalized intensity distributions at different times of the transient together
with reconstructed HCTS peaks by means of Gaussian fits. This gives a vivid overview of
the temporal progression of EL emission. In the first 10 ns residual bulk emission from the
low-energy tail of P3HT singlet emission contributes to the spectrum, all other spectra can be
replicated well with a single Gaussian distribution representing the HCTS signal. The width of
the extrapolated spectra from times 100 ns to 1000 ns slightly increases with time, and its peak
notably shifts towards lower energies with time. The difference between the peak position at
decay times of 100 and 1000 ns is ca. 60 meV.

The dashed fit line in figure 6.18(b) serves as guide to the eye and corresponds to a spectral shift
which increases logarithmically with time. Such a relaxation behavior has been observed before
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for P3BHT and other polymers featuring a hopping-like transport of charges in a disordered
system.[167, 168]

A long lifetime of charge transfer states is advantageous for solar cells as it reduces the probabil-
ity of interfacial carrier recombination and losses. For CTS in organic donor-acceptor systems
consisting of small molecules, a broad range of lifetimes can be found in literature from a few
hundred of picoseconds[169] to values that are several orders of magnitude higher. Deotare et.
al. observed a similar behavior as the measurements above at an organic/organic heterojunc-
tion with CTS radiative lifetimes in the range of microseconds.[164] Electron-hole pairs at the
interface can even migrate together over a distance of several nanometers and have been shown
to be more mobile than Frenkel excitons in the organic bulk. Their movement was described as
“inchworm-like” transport of electron and hole moving independently from each other in their
respective materials while remaining bound to each other by Coulomb interaction. The results
of this section indicate that a similar model also holds true for oxide/organic heterojunctions.

6.4 Temperature-dependent Photovoltaic Measurements

In this section, the influence of temperature on photovoltaic charge generation will be discussed.
Firstly, a detailed analysis will show which steps towards photovoltaic power conversion have
to be taken by thermal activation and which intrinsic loss processes limit device efficiency. The
question of the binding energy of electron and hole in an HCTS and the mechanism to overcome
this attractive force plays a central role here.

In the second part of the section, photovoltage losses of a ZnMgO/P3HT heterojunction will be
studied by means of a temperature-dependent analysis, showing the impact of the previously
studied loss mechanisms on actual device performance.

6.4.1 Thermal Activation of Charge Separation

Temperature-dependent photovoltaic measurements are performed in order to gain insight into
the mechanisms governing the conversion of incident photons into free electrons and holes. As
charge generation is a complex multistep process, a combined analysis of both EQE spectra and
J-V characteristics offers the possibility to separate influences of various partial processes from
each other.

Figure 6.19 depicts the four main steps in the process of photovoltaic current generation. Each
part of it depends on the properties of involved materials and has its own thermal activation
behavior which will be discussed in short here.

1. Light Absorption:

Absorption of light in an organic layer is almost entirely independent of temperature. The tran-
sition from ground state to excited state upon absorbing a photon is governed by the transition
matrix element in Fermi’s golden rule. The exact shape of P3HT absorption spectra varies only
slightly between 10 K and 300 K.[170] This justifies the restriction on one single photon energy
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Figure 6.19: The four steps of photovoltaic charge generation: (a) Absorption of a photon in P3HT
and formation of a Frenkel exciton (b) The exciton diffuses to the interface (c¢) Formation of a hybrid
charge transfer state at the interface and subsequent dissociation (d) Transport of electron and hole to the
respective electrodes.

for studying the thermal activation instead of integrating conversion efficiencies over the whole
absorption spectrum.

2. Exciton Diffusion:

When a photon is absorbed in P3HT, a localized Frenkel exciton is produced. It can only con-
tribute to a photocurrent, if it reaches the interface before vanishing by recombination. Exciton
transport in a disordered polymer occurs either via energy transfer (Forster resonant energy
transfer) or combined transport of electron and hole (Dexter electron transfer). While Forster
transfer is independent of temperature, Dexter transfer strongly depends on carrier mobility
and is therefore closely related to temperature. Luminescence quenching experiments with dis-
persed acceptor molecules have shown that both types of transfer can be found in disordered
semiconductor polymers.[171] Theoretic modeling and measurements of the exciton diffusion
length in conjugated polymers suggest that thermally activated processes are dominating the
transport.[82]

The short radiative lifetime of excitons in P3HT of ca. 600 ps[166] combined with the low
carrier mobility in disordered organic semiconductors limits the diffusion length of excitons in
P3HT to a couple of nanometers at room temperature.[22, 79] This diffusion length is decreas-
ing towards lower temperatures, but might approach a residual value defined by a temperature-
independent Forster transfer process.[77] Exciton diffusion length in ZnO exceeds 100 nm at all
temperatures between 0 K and 300 K.[172] However, due to the type II interface energy level
alignment, excitons created in P3HT cannot cross the interface.

3. HCTS Formation and Dissociation:
Once an exciton in P3HT reaches the interface towards ZnMgO, its electron is driven to the
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conduction band of the inorganic by the large band offset AE, > 1eV. However, both carri-
ers remain bound at the interface by Coulomb interaction and form an HCTS until they either
dissociate or recombine. Typical HCTS lifetimes of ca.500 ns have been measured in the previ-
ous section. During this lifetime, the HCTS is possibly able to migrate along the interface in a
process of energetic relaxation as indicated by a time-dependent redshift of transition energies.

If electron and hole are able to overcome their Coulomb attraction, an HCTS is dissociated into
two free carriers on opposite sides of the interface. The strength of binding determines if this
process occurs spontaneously or requires a thermal activation. The thermal activation behavior
of HCTS dissociation yields information on the related processes. For a careful interpretation
of temperature-dependent charge generation, however, the process of HCTS dissociation has to
be isolated from other thermally activated processes involved in photovoltaic charge generation.

4. Charge Extraction:

After separating electron and hole at the interface, both carriers have to be transported to the
respective electrodes. As electron mobility in ZnMgO exceeds hole mobility in P3HT by several
orders of magnitude at all temperatures, only the thermal activation of the latter is relevant
for the interpretation of measurements. Hole transport in P3HT occurs via a polaron-hopping
process and therefore strongly decreases towards lower temperatures. At higher temperatures,
phonon scattering processes and dynamical disorder in the quasi-crystalline domains of P3HT
can possibly limit the carrier mobility.[81, 84] The activation barriers reported in literature range
between 50 and 120 meV.[83, 87, 156] As electrons and holes are charged particles, the electric
field in the respective layer also influences the charge transport.

Not only holes, but also electrons have to be extracted from the heterojunction after HCTS
dissociation. The carrier mobilities of ZnMgO and ZnMgO:Ga layers have been measured by
using the Hall effect. In both cases, carrier mobility was almost constant over a wide tempera-
ture range between 150 and 300 K (see figure 9.3 in the appendix). As the overall conductivity
is larger than in P3HT by orders of magnitude, it can be excluded that the inorganic layers act
as a bottleneck in charge extraction at any temperature.

Based on this scheme, the physical processes can now be analyzed. Figure 6.20(a) shows EQE
spectra of a diode with an intermediate Mg content of z = 0.09 and a P3HT layer of 150 nm
thickness measured over a temperature range between 77 K and 295 K. The excitation density
is low and does not exceed 260 uW /cm? at any wavelength. In order to avoid direct excitation
of ZnMgO and its trap states, the measurement has been restricted to a range between 1.75 and
3.1eV.

The EQE measured at room temperature at the maximum of P3HT absorption of ca. 3.5%
is higher than the values measured before for ZnO/P3HT and ZnMgO/P3HT systems. This
shows that optimization of the photovoltaic performance is possible by using thinner P3HT
layers. If the electric field originating from the built-in voltage is spread over a smaller layer
thickness, transport of dissociated carriers is facilitated. Again, the main limiting factor to
device efficiency is the small exciton diffusion length of Lp ~ 5—8.5 nm[22, 79], only allowing
less than 10 % of all Frenkel excitons to reach the interface area.

The EQE increases from 77 K to 140 K by more than one order of magnitude. At higher temper-
atures it remains almost constant and slightly drops until room temperature. As the low-energy
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Figure 6.20: (a) EQE spectra of a Zng.91 Mg 09O/P3HT diode measured at temperatures between 77 K
and 295 K. Intermediate temperatures are marked by black dashed lines. The EQE increases from
77K to 140K before it slightly drops until room temperature. The absorption spectrum of P3HT is
visible in all measured curves and indicates, that the charge carriers are produced by absorption in
the organic layer. The spectral position of 2.25eV marked in the spectra is used for a quantitative
comparison of temperature-dependent charge separation efficiencies. (b) J-V characteristics from the
same Zng.91Mgg 09O/P3HT diode under monochromatic excitation at 2.25eV with a light intensity of
80 uW /cm?. Black, red, green and blue lines represent the measurements at 77 K, 100 K, 135K, and
295 K. Measurements at intermediate temperatures are marked by dashed black lines.

shoulder of the P3HT contribution to the photocurrent does not change its shape with temper-
ature, the EQE values of a single spectral position at a photon energy of 2.25eV are used for
comparison in the next steps of the analysis.

Figure 6.20(b) shows J-V characteristics of the same Zng 91 Mg 09oO/P3HT diode under mono-
chromatic excitation with a photon energy of 2.25eV and a light intensity of 80 uW /cm? mea-
sured at temperatures between 77 K and room temperature. Analyzing the shape of the J-V
curves, three different regimes can be distinguished:

1. In the range below 100 K the curve is s-shaped and thus has a fill factor of less than 25 %.
The short circuit current is growing with temperature by bulging the kink in the J-V curve
and reducing the slope around V' ~ 0.

2. Between 100 K and 140 K the curve has reached the common shape of a photodiode
characteristics with a fill factor of more than 50 % and a very small slope in the vicinity
V' = 0. The short circuit current is growing with temperature by shifting downwards the
whole curve.

3. Above 140 K the produced photocurrent is almost independent of temperature, it only
slightly decreases until room temperature. Due to a steeper onset of recombination cur-
rent, the open circuit voltage decreases with temperature approaching room temperature.
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The monochromatic light excitation for recording the J-V" curves in figure 6.20(b) has been
chosen to exactly match the conditions of an EQE measurement at a photon energy of 2.25 eV
as marked in figure 6.20(a). Consequently, each measured short circuit current density can
be converted into a corresponding quantum efficiency. Values obtained in this measurement
series can then be joined into a common Arrhenius plot together with the temperature-dependent
values extracted from the EQE spectra. This plot is shown in figure 6.21.
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Figure 6.21: Temperature-dependent EQE values of a Zng 91 Mgg.g9O/P3HT diode extracted from EQE
spectra (figure 6.20(a)) and J-V characteristics (figure 6.20(b)). Dashed and dotted lines represent fit
curves of the recombination model and phonon scattering model (details in text). At temperatures below
100 K, limited carrier extraction decreases the charge generation efficiency. This region beyond the grey
dashed line is excluded from data fits. (a) Arrhenius plot (b) Temperature and EQE in linear scale.

Starting at 77 K, the power conversion efficiency is rapidly growing with increasing tempera-
ture. In this region the s-shape in the J-V characteristic disappears (see figure 6.20(b)), which
increases both fill factor and short circuit current. The fill factor of a photodiode can be directly
related to the ratio between the rates of charge extraction and recombination 6 = %.[173] A
low fill factor is a consequence of limited carrier extraction which is caused by imbalanced
carrier mobilities in donor and acceptor or energetic barriers between active layers and elec-
trodes.[174, 175] Due to the strongly decreasing carrier mobility of P3HT towards lower tem-
peratures, it is likely that a space charge region in the organic layer inhibits effective collection
of charges.

Consequently, holes from previously dissociated HCTS remain in the proximity of the interface
unable to reach the electrodes and eventually return to form an HCTS again or recombine non-
radiatively at the interface. Only an applied bias in reverse direction creates an electric field in
the organic layer, which helps to extract all the produced carriers. This dependence on applied
bias causes the kink in the s-shaped J-V" curve at low temperatures. Increasing the temperature
to 100 K enhances the conductivity of the organic layer sufficiently to extract all the produced
carriers at the low excitation density chosen for this experiment. Consequently, the s-shape in
the characteristic has vanished at temperatures higher than 100 K as visible in figure 6.20(b).
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The thermal activation energy of the EQE in the temperature range below 100 K of ca. 70 meV
lies close to the activation of hole mobility in P3HT from literature.[83, 87, 156] However, as
photocurrent production is a complex process, there is no direct correspondence between the
two quantities.

Depending on illumination intensity (and the number of produced Frenkel excitons) the lim-
itation of carrier extraction can prevail at higher temperatures. At 100 mW /cm? AM 1.5 G
illumination an s-shaped curve can be observed until ca. 200 K. Therefore in the measurements
presented in this section the illumination intensity is chosen as low as 80 uW /cm?.

At temperatures above 100 K the slope of the J-V curve is near zero, which means that all
dissociated carriers can be extracted from the interface without an additional electric field. Then
carrier mobility is not a limiting factor to photocurrent generation anymore. Up to ca. 140 K
a further increase in quantum efficiency is observed before it saturates and eventually slightly
decreases as the temperature approaches 295 K. Possible explanations for this unusual physical
behavior of interrupted thermal activation will be discussed in the following two paragraphs.

6.4.1.1 The Phonon Scattering Model

Once extraction of charges is not a limiting factor to photodiode performance anymore, the
decisive figure, apart from dissociation efficiency, is the number of excitons reaching the inter-
face. Exciton diffusion is a thermally activated process as previously stated in literature.[77,
78, 171] Investigating the temperature-dependent charge generation in an organic P3HT/PCBM
heterojunction, Presselt et. al. concluded that phonon scattering limits charge generation ef-
ficiency.[52] The interplay of thermally activated exciton transport and phonon scattering is
expressed in the following model for a temperature-dependent quantum efficiency:

EQE(T) = A-T ™exp (;ETA) (6.9)
B

with the activation energy for exciton diffusion F,, a sample-dependent prefactor A and an
exponent m expressing the influence of phonon scattering processes in the organic layer. It is
claimed that this is the mechanism which causes the EQE to saturate and eventually decrease at
higher temperatures.

According to theoretical models in literature, phonon scattering is a process limiting transport
of single charged particles in compounds of organic semiconductor molecules or polymers by
introducing a prefactor 7'~ with a fixed exponent of m = %.[84] In this case, only extraction of
electrons and holes after exciton dissociation is affected. As concluded before, in the presented
device this would decrease the device’s fill factor and cause an s-shaped .J-V' characteristics. But
this is not the case at temperatures above 100 K. However, Presselt et. al. claim that phonon
scattering also affects the exciton transport towards the heterojunction, which alters the value of
the exponent m to values of 1.1 to 2.1 for PCBM and 2.1 to 2.5 for P3HT. Extrapolations from
current transport measurements show that conductivity of P3HT follows a behavior of thermal
activation up to more than 100 K above room temperature. Decreasing conductivity is likely to
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happen only at temperatures near the point of chemical degradation.[82] Therefore, transport
phenomena in P3HT cannot be the reason for a stagnating and decreasing EQE above 150 K.
Additionally, Hall measurements have shown that carrier mobilities in ZnMgO and ZnMgO:Ga
do not decrease over a broad temperature range up to 300 K (see section B in the appendix).

In figure 6.21(a) and 6.21(b) a data fit following the phonon scattering model is shown as a
blue dashed line. All data points between 100 K and room temperature are included into the
fit. The values m = 2.60 & 0.43 and Ey = 45 + 6 meV are similar to the data described in
reference [52] for P3HT. Data from other ZnMgO/P3HT and ZnO/P3HT devices yield values
for m up to 3.98 and activation energies /4 between 47 meV and 62 meV (see appendix C). The
activation energies obtained from the fits are higher than values found in literature[52, 83], and
the physical meaning of m values significantly higher than 3/2 remains unclear. The data fits
can reproduce an increasing EQE which eventually reaches a maximum and decreases towards
room temperature, but the position of the maximum around 200 K and the strong temperature-
dependence at room temperature does not correspond well to experimental data.

6.4.1.2 The Model of Activated Recombination

As described in section 2.2.2, the external quantum efficiency of a solar cell is the product of
the quantum efficiencies of six sequenced processes.

71 = Tabsorption * Tldiffusion * Thransfer * Tldissociation * Tltransport * Tlextraction (6 10)

The absorption efficiency in P3BHT 7napsorpiion 1 independent of temperature,[170] and the transfer
efficiency for an electron from a Frenkel exciton in P3HT to the inorganic side of the interface
TNuansfer 1S assumed to be unity due to the strong driving force provided by the conduction band
offset of AE, > 1eV. At sufficiently high temperatures the transport and extraction of disso-
ciated carriers does not impose a limitation on photocurrent, and therefore 7yansport and Nexiraction
can be assumed to be unity as well. Consequently, the efficiencies of only two processes will
determine the external quantum efficiency of the device: The probability that an exciton ab-
sorbed in P3HT will diffuse to the interface nggusion and the ratio Ngissociation Of HCTS that will
be dissociated into free carriers at the interface.

As the optical absorption depth for P3HT of ca. 60 nm is significantly larger than the exciton
diffusion length Lp, the ratio of produced Frenkel excitons per photon can be approximated as
the number of photons absorbed in a P3HT slice with the thickness L. As exciton diffusion is
a thermally activated process, this yields

—-F
nabsorption(E) * Tdiffusion (T) ~ LD (T) : a<E) - AO + €XPp ( kB;) (611)

with the absorption coefficient «(F) for the photon energy E and the activation energy for
exciton diffusion E.
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The dissociation efficiency of HCTS into free carriers is determined by the rates for dissociation
and recombination kgiss and Kyec:

kdiss (T) 1
issociation T)= = (612)
Na t ( ) kdiss (T) + kreC(T) 1 + 115:6((77:))

Both processes of HCTS dissociation and recombination are assumed to be thermally activated
with their activation energies Fy;ss and Ei... This gives the expression for the HCTS dissociation
efficiency

1

EE (6.13)
1 hy - exp () )

Tdissociation (T> -

with the prefactors for recombination and dissociation rates lumped together into ky. The whole
model for the temperature-dependent EQE then reads:

Ag - exp <;fjé>

(6.14)
]_ + ko . eXp <7(Er]:;3}Ediss)>

EQE(T) =

It has to be noted that from this calculation the activation energies for HCTS dissociation and
recombination cannot be determined separately. Only the difference of both quantities is acces-
sible. Further discussion, however, will provide insight into the two processes.

A fit of this model to experimental data is displayed in figure 6.21 as a black dashed line. In the
whole range between 100 K and 295 K the model nicely reproduces the experimental data. The
activation energies E = 44 + 7meV and (FE. — Fgiss) = 58 - 3meV are obtained.

Table 6.2: Activation energies Ea and (E. — Fgiss) obtained from data fits to temperature-dependent
EQE measurements for photodiodes involving different acceptor materials.

Acceptor material E (Erec — Eiss)
Zn;_ Mg, O(x=0.01) | 54+ 6meV | 68 =4meV
Zn;_ Mg, O(x=0.09) | 444+ 7meV | 58 = 3meV
Zn; Mg, O(x=0.14) | 31 £7meV | 53 + 10 meV
ZnO 45 £ 15meV | 65 £ 6 meV

Table 6.2 shows the activation energies obtained from data fits to EQE measurements for several
ZnMgO/P3HT and ZnO/P3HT diodes (see diagrams in appendix C).

The activation energies [/a for exciton transport in a P3HT layer between 31 meV and 54 meV
provide a better agreement to values obtained from literature than the higher energies obtained
from the phonon scattering model.[52, 83] For the difference (F. — Fgiss) values between
53meV and 68 meV are obtained in the data fits.
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The latter activation energy can be related to the results of electroluminescence measurements
discussed in section 6.3.1.3. In quantitative analysis of EL spectra a thermally activated non-
radiative recombination process is found which annihilates HCTS at the interface. The acti-
vation energy of this process is determined as F,, = 70meV. Taking into account the very
low quantum efficiency of radiative HCTS recombination which could be encountered in all
EL measurements, in a first approximation all interfacial charge carrier recombination can be
regarded as non-radiative. Consequently, interfacial recombination in general is a thermally
activated process.

HCTS which recombine at the interface, be it radiatively or non-radiatively, cannot contribute
to photovoltaic power conversion. Consequently, a thermally activated recombination process
produces losses which increase exponentially towards higher temperatures. Despite the differ-
ent situations at the interface in photovoltaic operation and electroluminescence measurements
- particularly regarding the electric field in the device under external bias - the two loss pro-
cesses can be compared to each other. If the activation energy for photovoltaic losses Ei. is
assumed to be identical to the activation energy for non-radiative recombination in EL F,,, then
the experimental values for the difference (.. — Fqiss) give a hint, that the activation barrier
for HCTS dissociation Ejgs can only be in the range of a couple of meV, or even zero. This
fits nicely to the HCTS model obtained in previous measurements, showing a high degree of
delocalization and a wide effective binding radius, which both drastically decrease the Coulomb
interaction betweeen electron and hole in an HCTS. Consequently, the dissociation process sep-
arating HCTS into free carriers at the heterointerface only weakly depends on temperature, or
is even temperature-independent.

It can be concluded that the model of thermally activated recombination provides a significantly
better agreement with experimental data than the previously discussed phonon scattering model.
Furthermore, the activation energies obtained as fit parameters are in the expected range and can
be related to data obtained in other measurements and literature. An energetic barrier for disso-
ciation of HCTS could not be determined so far. Instead it is likely that the HCTS separation
process depends only weakly on temperature. A similar behavior has already been found for or-
ganic photovoltaic devices before[30]. Even if the binding forces between carriers are stronger,
entropic effects can lead to a similar temperature-independent dissociation rate.[32]

6.4.2 Temperature Dependence of the Open-Circuit Voltage

With the knowledge gained in the previous sections, the photovoltaic losses of the prototypical
heterojunction ZnMgO/P3HT can be estimated by analyzing the temperature-dependence of the
open circuit voltage. The most important tool for this purpose is the relation between V¢ and
the HCTS transition energy Fycts as explained in section 2.3.2.1.

y/
qVoc = Encrs — kT In (J—OO) (6.15)
sc

Hereby, Voc is given as the difference between Eycrs/q and the photovoltage losses inflicted
by carrier recombination described by the second term. Previous measurements involving a
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ZnO/P3HT heterojunction in section 5.4.5 confirm that the open circuit voltage increases to-
wards lower temperatures. Following equation 6.15, this increase is linear under the assumption
that the photocurrent Jsc is constant. In this case, an extrapolation of V¢ with 7" — 0 produces
the intersection Vocmax- It can be interpreted as the hypothetical maximal open circuit voltage,
which would only be attainable in absence of any recombination current in the device. As such,
qVoc.max gives a good estimate for the HCTS transition energy Eycrs.
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Figure 6.22: (a) Temperature-dependent Voc measurements of a Zng.gsMgp.o5O/P3HT diode with
dpsgr = 240nm measured at illumination densities between 3.5 mVV/cm2 and 150 mW/cmz. (b)
Corresponding Jsc values from the same device. Between 200 K and room temperature the photocurrent
is approximately constant for all illumination intensities.

Although photocurrent generation is a complex multistep process, the short circuit current of a
photodiode is approximately constant between 200 K and room temperature for all illumination
intensities between 3.5 and 150 mW /cm? (see figure 6.22(b)). This gives the range which is
used for a calculation of Ve max- Figure 6.22(a) shows Ve of a ZnMgO/P3HT diode with a
Mg content of x = (.05 for different illumination intensities together with linear extrapolations
from the range between 200 K and 300 K. Note that the slopes do not intersect at a single
point at 7' = 0K as expected in a simplistic model. This happened similarly for x = 0.01
and x = 0.14 to a smaller extent and can be explained by contributions from series and shunt
resistances in the device.[36] As M. Runge pointed out, effects from shunt resistances become
less influential at higher illumination densities.[151] Therefore, for extrapolation of Voc max
only the values measured at an illumination intensity of 35 mW /cm? and more were taken
into account. Deviations from a common intersection between different illumination conditions
were taken into account when calculating error ranges.

Figure 6.23 shows the Vo under 100 mW / cm? AM 1.5G illumination for three ZnMgO/P3HT
diodes at temperatures between 77 K and room temperature. The range between 200 K and
300 K 1s used for linear extrapolations in order to obtain Ve max- The values gained from inter-
sections at 7" = 0 K are shown in table 6.3.

97



CHAPTER 6: ZNMGO AS A MODEL SYSTEM FOR OXIDE/ORGANIC PHOTOVOLTAICS

1.4
AR = x=0.01
7 NN * x=005
R RETUEREN A x=0.14
— 1.04 \\\\ \\\ \\\
2/ \.\...\‘\é \‘\
&) S, ®a ;\\
>OO.8- S LN
u ] I. \\\ ‘\ \\AA
i TR .~
0.61 L S N
‘o
] <
0.4 " u

0 50 100 150 200 250 300
Temperature (K)
Figure 6.23: Temperature dependence of the V¢ of Zn;_,Mg, O/P3HT diodes with different Mg con-

tent = measured at 100 mW /cm? AM 1.5G illumination. The dashed lines mark linear fits involving
only data points from 200 K to room temperature.

Table 6.3: Voc max values extrapolated from temperature-dependent measurements of Voc

X ‘ VOC,max
0.01 | 1.13+£0.06V
0.05 | 1.27 £ 0.06 V
0.14 | 1.40£0.09V

The exact identity Eycrs = ¢Vocmax 18 only valid under the assumption that all losses are pro-
duced by a single recombination channel with a transition energy Eycrs. The previous sections,
however, have shown the strong presence of non-radiative processes in a ZnMgO/P3HT hetero-
junction. Consequently, these have to be included into the model for an in-depth analysis of the
interface energetics in order to obtain a reliable value of Eycrs.

6.4.2.1 The Influence of Non-radiative Recombination

In the previous sections it was pointed out that the main loss mechanism in a ZnMgO/P3HT
photovoltaic device is non-radiative recombination. Electroluminescence measurements have
shown that at room temperature, less than 1 % of HCTS recombination contributes to an EL
signal, while more than 99 % occur without emission of a photon in the near IR. In order to
account for these circumstances, the model for interface energetics will have to be altered and
extended.

Detailed balance as described in section 2.3.2 imposes a relation between recombination current
and charge generation in a solar cell. Restricted to direct absorption of the hybrid charge transfer
state and only considering radiative recombination, the detailed balance relation (equation 2.12)
reads:
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T = [ EQEn(E) - ¥ (E)dE (6.16)
0

Mirror symmetry according to Marcus theory (see section 2.3.3) between the spectra of ab-
sorption and emission of an HCTS suggests a Gaussian lineshape of direct interfacial HCTS
absorption EQEpy (F). Its peak energy is denominated £ here. Measurements of sub-bandgap
photovoltaic efficiency at an interface of ZnO and small molecules confirm such an assump-
tion.[39]

EQEpy (E)

2
exp (—M> (6.17)

B E\2ro 202
®l (E) in equation 6.16 is the emission spectrum of a radiating blackbody held at the tempera-
ture T’

2m E
T _ 2

CDBB = WE €xXp (-]@—T) N (618)
where h is the Planck constant, c the speed of light and kg7 the thermal energy. Partial integra-
tion in equation 6.16 yields the relation

B, — 22
Jid g i oy (-%) . (6.19)

The detailed evaluation of the integral is described in appendix D. The saturation current of
radiative recombination is thermally activated with the activation energy Fy — %, which can
be assigned to the HCTS transition energy Eycrs. HCTS absorption and emission spectra are
expected to lie symmetrically around this energy value, which nicely reproduces the emission
maximum at an energy of Fycrs — % as pointed out earlier in EL. measurements. The propor-
tionality constant J5! = ¢f* Eycrs gives the coupling strength between the electron and hole

states at the heterointerface.

As only radiative recombination is thermally activated with the HCTS transition energy Fycrs,
it has to be separated from all non-radiative processes. The thermal activation behavior of all
non-radiative processes is not known and has to be excluded from calculation here. So equation

2.17 only considering the radiative recombination current Ji* then reads:

0

However, non-radiative processes can re-enter the calculation by considering the emission quan-
tum efficiency EQEg; and scaling up the radiative recombination current by this prefactor:
Jo = J2 . EQEg. Repeating the calculation performed in equation 2.25 then yields the fol-
lowing relation for the temperature-dependence of Vipc:[176]
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Jrad
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Consequently, by inclusion of the radiative quantum efficiency in electroluminescence, which
was investigated in section 6.3.1.3, a suitable model for the photovoltage of a ZnMgO/P3HT
heterojunction is obtained.

This relation predicts an increase of Ve with the energy Fycrs which is indeed observed by
measuring samples with different Mg content (see figure 6.8(b) and 6.23).

However, the convenient procedure of extending the initial slope of the Vi vs. T curve to
0 K 1n order to obtain the maximal possible open circuit voltage Vocmax corresponding to the
HCTS transition energy Eycrs, does not produce correct results following this model. EQEpy,
respectively the produced photocurrent Jsc are constant at temperatures between 200 K and
room temperature (see figure 6.22(b)), but the EL quantum efficiency EQEy,; rapidly decreases
between 200 K and room temperature due to thermal activation of a non-radiative decay chan-
nel. This alters the value of the logarithm in equation 6.21 and leads to an incorrect result of the
extrapolation process.

Inserting the temperature-dependent model for EQEg; as obtained in temperature-dependent
EL measurements in section 6.3.1.3 into the fundamental relation of equation 6.21, yields

Jrad Qa
¢Voc ~ Fucrs + Eo — kgT'In ( JZ(; : EQE0> . (6.22)

The values o and EQE,, obtained in the analysis of the temperature-dependence of EQEg; now
contribute to the slope of the V¢ vs. T curve, but do not alter the intersection point for 7" — 0.
The linearly extrapolated value of V¢ is then given as Vocmax = Fuers + Enr. Consequently,
linear extrapolation overestimates Fycrs by approximately the activation energy of the non-
radiative recombination process E,; ~ 70meV. Correcting the extrapolated values according
to this consideration, yields the estimates of the Eycrs reported in table 6.4.

Table 6.4: HCTS transition energies determined from temperature-dependent measurements of the Voc

z ‘ Eucrs
0.01 | 1.06 £ 0.07eV
0.05 | 1.20 = 0.07eV
0.14 | 1.33 £0.10eV

Gathering all results of the previously described measurements and analysis, the photovoltaic
losses for prototypical model system ZnMgO/P3HT can now be assessed. Knowledge gained
on the physical properties of hybrid charge transfer states can be used to understand the origin
of recombination losses.
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6.5 Discussion of Results

Combined analysis of the results gained by UPS, EL spectroscopy and photovoltaic measure-
ments allows to give a detailed description of the properties of HCTS and the underlying phys-
ical processes. Based on this knowledge, the potential of inorganic/organic hybrid interfaces
in photovoltaic applications can be estimated. By comparison to interface energetics, inherent
losses can be calculated.

6.5.1 Photovoltaic Losses of a ZnMgO/P3HT Heterojunction

The energy diagram in figure 6.24 summarizes all relevant energy levels, which are obtained
by different measurement procedures in the previous sections analyzing three different types
of Zn,_,Mg,O/P3HT diodes with Mg contents of x = 0.01, x = 0.05 and x = 0.14. Three
independent measurements yield values for HCTS transition energy Eycrs. One value is de-
rived as ¢Vocmax — Enr from analysis of the temperature-dependent Vpc measurements, an-
other one comes as activation energy [, for the recombination current and was gained from
temperature-dependent dark current fits. Finally, the hybrid gap energy AFjo is taken from
UPS measurements. All these values are compared to ¢Voc measured under 100 mW / cm? AM
1.5G illumination at room temperature in order to estimate losses in photovoltaic operation.

All quantities follow the same linear progression with a slope that directly corresponts to the
widening of the optical gap energy A Ejg as measured by UPS. This proves that all photovoltaic
parameters are directly linked to each other and have a close relation to the HCTS transition

energy Fycrs.

The A Ej derived from UPS measurements are about 300 meV smaller than the Fycrs deduced
from both photovoltaic measurements and dark current fits. This can be explained as follows:
The UV radiation used for photoelectron spectroscopy has only a very limited penetration depth
significantly smaller than the 15 nm layer thickness and thus measures the ionization potential
of P3HT at the surface and not at the interface to ZnMgO. It is likely that P3HT chains in
proximity of an oxide surface prefer a face-on orientation, while the polymers in the bulk are
randomly oriented. This morphological difference can account for the difference in measured
gap energies,[114] promoting the Eycrs derived from photovoltaic measurements as the correct
interface gap energies.

From the difference between Eycrs deduced from temperature-dependent Ve measurements
and the open circuit voltage measured at room temperature the photovoltaic losses of the sys-
tem can be estimated. These are the sum of radiative and non-radiative losses. They amount
to about (680 + 80) meV and are independent of the hybrid energy gap defined by magnesium
content in ZnMgO. The quantity of losses is thus an intrinsic feature of the ZnMgO/P3HT het-
erojunction. Thereby, the device efficiency is significantly reduced as these limitations exceed
the photovoltage loss of a planar P3HT/PCBM heterojunction (ca. 530 meV[25]).

Despite the negligible influence of an HCTS binding energy onto the charge separation process,
interfacial recombination effectively competes with photocurrent generation. Temperature-

101



CHAPTER 6: ZNMGO AS A MODEL SYSTEM FOR OXIDE/ORGANIC PHOTOVOLTAICS

A (q OC,max - Enr) ‘ quC (RT)

149 @ AE_ (UPS) 1 E
— v E _----17"HcTs
<124 act ,é--—*' ]
GRS S
>1.01 1 2 -9
> -

5 __---1E
0.8{--9-~"~ 2 .
LT * B
0.6 _,_——Oivoc
- ’— -7

044 --¢—"~ .

3.30 3.35 3.40 3.45 3.50 3.55 3.60 3.65
E_(eV)

gap

Figure 6.24: Summary of HCTS transition energies determined by several procedures: Fycrs =
Vocmax — Enr derived from the analysis of temperature-dependent Voc measurements (blue solid tri-
angles), activation energies for the recombination current F,.; from dark current diode fits (pink open
triangles), A Fo values measured by UV photoelectron spectroscopy (red circles) and room tempera-
ture ¢Voc under 100 mW /cm? AM 1.5G illumination (green diamonds). The slope of the dashed lines
corresponds to the hybrid band gap widening measured by UPS. The red arrow marks the losses in pho-
tovoltage between the photovoltaic energy gap and the actually measured open circuit voltage at room
temperature.

dependent measurements of electroluminescence quantum efficiency show that at room tem-
perature the biggest part of carrier recombination occurs non-radiatively. As only radiative
recombination is inevitable in the charge separation process[7], non-radiative processes impose
additional losses which can theoretically be avoided by suitable interface tailoring.

6.5.2 Structure and Properties of Hybrid Charge Transfer States

In figure 6.25 the electroluminescence maxima from a ZnMgO/P3HT heterojunction extrapo-
lated for /' — 0 are shown together with the HCTS energy Eycrs determined by photovoltaic
measurements and dark current fits. Analysis of the HCTS electroluminescence performed in
section 6.3.1 shows that the EL. maximum is directly linked to the hybrid gap energy A Ejo and
thus depends on the Mg content x in Zn; _,Mg,O.

Independent from the hybrid gap energy, the extrapolated EL maxima lie ca. 350 meV below the
HCTS transition energy. This Stokes shift corresponds to the expected value of %, indicating
that the recombination indeed occurs between a free electron in the ZnMgO conduction band
and a hole in the P3BHT HOMO. This rules out a contribution from interfacial trap states in
ZnMgO as reported by Panda et. al.[41] Such a constitution would lead to a further red shift in

emission.

In addition to this, the voltage-dependent shift of the HCTS EL peak indicates that not only
the electron in an HCTS is mobile in the conduction band of ZnMgO, but also the hole is
delocalized in the P3HT layer perpendicularly to the heterointerface. This leads to a larger
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Figure 6.25: HCTS transition energy Eycts of three different ZnMgO/P3HT devices compared to HCTS
EL maxima and ¢Vpk values measured at room temperature. Eycts derived from the analysis of the
temperature-dependent Vpoc measurements (blue solid triangles), activation energies for diode recom-
bination current F,. from dark current diode fits (pink open triangles), electroluminescence maxima
extrapolated for F' — 0 (black open squares), and room temperature ¢Voc under 100 mW /cm? AM
1.5G illumination. The slope of the dashed lines corresponds to the hybrid band gap widening measured
by UPS. The red arrow marks the energy difference between Eycrs and EL energy. On the left side,
the HCTS energy Fucts with respect to the HCTS absorption and emission spectra is schematically de-
picted. For a homogeneously broadened transition, % corresponds to the reorganization energy. It is
apparent that the EL. emission maxima correspond to values expected from Marcus theory.

effective distance between electron and hole and reduces the binding energy of an HCTS to a
small value in the range of a few meV. These findings are supported by the long life time of
HCTS which were measured to be ca. 500 ns. Within this time, electron and hole in an HCTS
are likely to geminately migrate along the hybrid interface in lateral direction.

Despite the relatively loose binding force between electron and hole in an HCTS, interfacial
recombination effectively competes with the charge separation and causes severe losses in the
photovoltaic device efficiency. Long HCTS lifetimes in the range of 500 ns do not guarantee an
effective charge separation. Electroluminescence measurements have shown that a thermally
activated non-radiative process is responsible for the loss of a high quantity of excitons dur-
ing the HCTS dissociation process. Localized defects at the interface are likely to promote
non-radiative recombination of HCTS. Due to the high mobilty and delocalization of HCTS
around the interface, these sites are reachable for many carriers due to their thermally activated
movement.

As the binding forces inside of an HCTS do not impose a limitation on photocurrent generation,
a significant improvement in device performance can only be attained by improving the charge
separation process. This can happen via a faster extraction of carriers from the interfacial region.
Once the carriers are funneled away from the interface, non-radiative recombination processes
during the HCTS dissociation process can effectively be suppressed.
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Chapter 7

Tin Dioxide Based Hybrid Photovoltaics

7.1 SnQO; as a New Acceptor Material

The results gained in the previous chapters have shown the general functionality of ZnO and Zn-
MgO as acceptor materials for hybrid photovoltaics. Nevertheless, a detailed analysis of device
performance and losses reveals that ZnO/P3HT and ZnMgO/P3HT are not ideal heterojunctions
for power conversion. Interfacial recombination processes lead to severe losses in photocurrent
and open circuit voltage. Particularly the high rate of non-radiative recombination of hybrid
charge transfer states at the interface is detrimental to photovoltaic device efficiency. Despite
their long lifetime of several hundreds of nanoseconds, there is no efficient dissociation into
free carriers in the P3BHT HOMO and Zn(Mg)O conduction band.

Pump-probe measurements monitoring the electron injection upon optical excitation from or-
ganic adsorbates into crystalline inorganic semiconductor materials have shown that electrons
injected into SnO, reach the conduction band almost one order of magnitude faster than elec-
trons injected into ZnO.[16] Rapid thermalization of excited interface states into the conduction
band enables an efficient transport away from the heterojunction in the direction of the elec-
trode. This can possibly provide a more efficient HCTS dissociation mechanism than observed
in ZnO/organic and ZnMgO/organic interfaces, and may significantly increase the quantum
yield of photovoltaic power conversion.

Measurements of photovoltaic function and spectroscopy of HCTS in electroluminescence mea-
surements will analyze the potential of the SnO,/organic heterojunction in photovoltaic appli-
cations in this chapter. The large band gap of SnO, of ca. 3.9eV ensures that the inorganic
acceptor material is transparent throughout the visible spectrum, again providing the possibility
to employ a sample layout in which the photovoltaic heterojunction is illuminated through the
inorganic substrate and acceptor layer. The high work function and ionization potential of SnO,
creates a type II level alignment if brought into contact with most organic semiconductor ma-
terials. Consequently, poly(3-hexylthiophene) (P3HT) will again be used as an organic donor
material.

The high series resistance of crystalline SnO, requires the implementation of a conductive layer
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behind the undoped acceptor material in a similar way as ZnMgO:Ga was used to enhance the
conductivity of ZnMgO. As described in section 3.1.4, antimony can be included into SnO, as
an n-type dopant without affecting the crystal structure in epitaxial growth. Again, the band gap
of a degeneratively doped semiconductor is larger than in the undoped case due to the Burstein-
Moss effect. This guarantees that a SnO,/SnO,:Sb layer system is transparent for photons up to
the band gap energy of undoped SnO,. The doping density of antimony atoms in the transparent
electrode is 2.4 x 10?' cm~3, the layer then reaches a conductivity of 62 Q™ 'cm ™! which is high
enough for fabrication of prototypical devices.

Figure 7.1: AFM picture of a 100 nm thick (101) polar SnO, layer on top of a 200 nm thick Sb-
doped SnO, layer of the same crystalline orientation. Both were grown by molecular beam epitaxy on a
sapphire substrate.

Figure 7.1 shows an AFM scan of a SnO, layer on top of a doped SnO,:Sb layer, establishing a
combination of an intrinsic acceptor layer for photovoltaic function with a transparent conduc-
tive electrode ensuring low series resistance for photovoltaic devices. Its low RMS roughness
of 0.51 nm and its high crystallinity with a well-defined (10 1) surface termination guarantee
optimal conditions for quantitative photovoltaic measurements.

7.2 The SnO, Surface in UV Photoelectron Spectroscopy

The process of photovoltaic current generation at ZnO/P3HT and ZnMgO/P3HT heterojunc-
tions is clearly dominated by band-to-band transitions of free charge carriers. In none of the
samples studied in the previous sections a significant influence of interfacial defect states and
trapped carriers can be detected. UV photoemission spectroscopy carried out in section 6.1
shows a steep single onset of the valence band for ZnMgO which is also found on a ZnO inter-
face.[152]

In contrast to this, in photoelectron spectroscopy measurements tin dioxide shows a pronounced
additional feature below the band gap (see figure 7.2). While the valence band onset is situated
at ca. 3.4¢eV, a second onset is formed at ca. 1.75eV. These states within the band gap can be
assigned to Sn," defects originating from oxygen deficiency in the proximity of the surface.[177]
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Figure 7.2: Valence band onset of SnO, compared to Zn;_,Mg,O alloys with z = 0.01 and x = 0.14.
The black dashed line shows a pronounced defect emission onset at a binding energy of ca. 1.75¢eV lying
below the valence band onset at ca. 3.4€eV.

Calculations based on density-functional theory have shown that several types of oxygen va-
cancies are stable on a SnO, (110) surface in thermal equilibrium, leading to a distribution of
electronic states between valence band and conduction band.[178] The surface stoichiometry
of SnO, samples can also be manipulated intentionally by sputtering, either with a gas contain-
ing O, to restore the oxidized state or with Ar" ions to reduce cross-linking between tin atoms,
yielding an imbalanced SnO,_, stochiometry and Sn clusters on the surface. Consequently,
with an appropriate sputtering gas, the quantity of interfacial defects on a SnO, surface can be
varied.[177, 179]

For the photovoltaic functionality of tin dioxide based solar cells the unoccupied states in prox-
imity of the conduction band are of particular importance. They can be investigated using
inverse photoemission spectroscopy (IPES). Measurements performed by Hollamby et al. have
shown a broad and featureless shoulder of unoccupied states below the conduction band of
polycrystalline SnO,.[180]

Consequently, in the investigation of the photovoltaic functionality of a SnO,/P3HT heterojunc-
tion, the influence of interfacial defect states will have to be analyzed carefully. A comparison
between the behavior of ZnO based heterojunctions and SnO, based devices is likely to provide
knowledge about the role of interfacial defect states onto the photovoltaic device physics of
metal-oxide/organic heterojunctions.

7.3 SnO,/P3HT Photovoltaic Devices

Planar photodiodes using the heterojunction of SnO, and P3HT are fabricated using the same
layout as ZnO/P3HT and ZnMgO/P3HT devices in previous chapters. Antimony doping of
SnO, allows the creation of a transparent conductive electrode on which SnO, can grow epi-
taxially. Consequently, both photovoltaic measurements and electroluminescence spectroscopy
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can equally be performed through the sapphire substrate, and produce results which are directly
comparable to the ones gained in earlier chapters.

7.3.1 Room Temperature Photovoltaics

Figure 7.3 shows the room temperature .J-1” characteristic of a photodiode made of SnO, and a
240 nm thick P3HT layer following the recipe described in section 3.4. The rectification ratio
between forward and reverse direction of the diode 8 = jgi\\;; is greater than 10. However,
after a region of exponentially growing current in forward direction up to ca. 0.25V, a current
roll-off emerges already at low current densities. The combined influence of a space charge
region in P3HT and a series resistance in the SnO,/SnO,:Sb substrate leads to a significant

deviation from exponential growth towards greater forward bias.
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Figure 7.3: J-V characteristic of SnO,/P3HT diode with dpsgr = 240 nm shows a rectification ratio of
more than 10%. At forward bias greater than 0.25V a pronounced current roll-off sets in.

Measurement of the external quantum efficiency at room temperature shows that absorption in
both P3HT and SnO, produces a photocurrent. Additionally to the inorganic band gap at ca.
3.9eV, absorption in defect states below the band-gap energy contributes to charge generation
and forms a broad feature at ca. 3.45eV. This can be connected to Sn,” defects originating in
the altered stoichiometry in the vicinity of the inorganic surface as visible from UV photoelec-
tron spectroscopy measurements. The spectral feature of photocurrent produced by band-gap
absorption in SnQO, is broader than the corresponding peak in ZnO/P3HT and ZnMgO/P3HT
devices. The reason for this is the broadened absorption edge of SnO,, which is also visible in
optical absorption measurements (see figure 3.4).

In time series measurements, no permanent changes in the device function upon UV irradi-
ation are detected. Unlike devices involving ZnO or ZnMgO, the photovoltaic function of a
SnO,/P3HT heterojunction is not decreased by permanent trap state ionization in the inorganic
component (see appendix A). Consequently, for all photovoltaic measurements involving sim-
ulated sunlight, the AM 1.5G spectrum can be employed without the necessity of additional
filters.
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Figure 7.4: (a) EQE spectrum of a SnO,/P3HT photodiode (black solid line) and optical absorption of
a P3HT film (blue dashed line). Absorption both in P3HT as well as bang gap absorption in SnO, can
produce a photocurrent. The broad feature at 3.45 eV shows that excitons produced by absorption in de-
fects in the SnO, bulk can be dissociated and contribute to the power conversion. (b) J-V characteristics
of a SnO,/P3HT device with dpsgr = 240 nm measured in the dark and under 100 mW/ cm? AM 1.5G
simulated sunlight at room temperature.
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Figure 7.5: Short circuit current of a SnO,/P3HT device with dpsyt = 240 nm at room temperature
under AM 1.5G simulated sunlight for light intensities between 0.35 and 350 mW /cm? (red triangles)
with a linear fit (red dashed line).

Under 100 mW /cm? AM 1.5G illumination, a planar SnO,/P3HT photodiode with a P3HT
thickness of 240 nm produces a short circuit current Jsc¢ = 0.098 £+ 0.014 mA/ cm? and an
open circuit voltage Voc = 0.37 £ 0.10 V as depicted in figure 7.4(b). The measured fill factor
of 49 % + 1% shows that charge carrier extraction occurs with a similar efficiency as mea-
sured for the devices presented in previous chapters of this work. The total power conversion
efficiency under 1 sun illumination amounts to 0.018 % =+ 0.003 %. This is superior to the ef-
ficiency of a comparable ZnO/P3HT heterojunction, but does not exceed the values obtained
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from ZnMgO/P3HT devices.

The short circuit current scales almost linearly with illumination density as depicted in figure
7.5. Fitting the relation with a power law yields an exponent of 0.93 for this heterojunction.
At higher illumination densities, Jsc seems to deviate notably from a strictly linear growth.
However, the measurement of illumination densities is not precise and therefore not suitable
under practical conditions. All following analysis will base on Jsc and Vo which can be
measured with higher accuracy.

7.3.2 Temperature-dependent Photovoltaics

As a first step, the transport losses in a SnO,/P3HT device will be analyzed according to the
Jsc — Voc method introduced in section 2.3.6.1. In figure 7.6 the measured Jsc and V¢ values
for illumination densities between 0.35 and 350 mW /cm? are paired and compared to a J-V
characteristic recorded in the dark.
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Figure 7.6: Measured J-V characteristic (blue line) compared to an ideal diode modeled from Jsc and
Voc values for illumination intensities between 0.35 mW / cm? and 350 mW/ cm? (red circles). Tem-
peratures: (a) 293 K and (b) 185 K. The dashed red lines show a single exponential fit according to the
standard Shockley equation, the grey area shows the transport losses occurring at a forward bias greater
than 0.25V.

At room temperature, the In(Jsc) vs. Voc curve deviates from a linear growth above illumi-
nation densities of 10mW /cm? and flattens out towards higher intensities. Consequently, a
simple diode fit according to the Shockley equation is not applicable here. The influence of a
shunt resistance is not visible here, but a pronounced current roll-off from a series resistance
limits the current in forward direction starting from a bias of 0.30 V. Per definition, a series re-
sistance cannot be the reason for the deviation from a single exponential curve as the Jsc — Voc
method explicitly eliminates such influence. However, dissociation of excitons into free carri-
ers can depend on the density of charges at the heterojunction. Another possibility is a variable
distribution between several recombination mechanisms saturating at different current densities.
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The Jsc vs. Voc curve measured at 185 K shows the strong influence of a series resistance here,
as the J-V curve already deviates from the standard Shockley model at the lowest illumination
density of 0.35 mW /cm?. The whole series of values can be fitted easily with a single exponen-
tial curve; however, its slope in logarithmic scale does not correspond to the exponential regime
of the J-V curve.
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Figure 7.7: Ideality factor n of a SnO,/P3HT device calculated using the differential method. For low
illumination densities, n values group around 1.55, while at higher excitation densities n values of ca.
3.2 emerge.

The knee in the Jsc vs. Ve curve leads to the formation of two plateau regions of the ideality
factor n plotted over the current density. At lower current, n lies around 1.55 which corresponds
to the value for a ZnO/P3HT device as described before. At higher illumination densities, the
ideality factor finds a second plateau at ca. 3.2, which is significantly larger than two and
does not fit to the common assumption that the ideality factor is simply determined by the
predominant recombination mechanism in the device. However, previous studies on organic
photovoltaics show a connection between ideality factors up to n = 3 and the presence of deep
localized states in the interfacial gap.[181, 182]

Figure 7.8(a) shows temperature-dependent Jsc vs. Vpc data of a SnO,/P3HT device along
with separate exponential fits for the two regimes of low and high illumination densities. The
dashed lines in the range between 0.35 and 3.5 mW /cm? have a higher slope than the solid
lines in the range between 10 and 350 mW /cm?. Using equation 2.22, the activation energy
for the recombination current can be calculated in the same way as performed previously for
devices based on ZnO. Due to the significant deviation between the two regimes of low and
high excitation densities, this estimate has to be performed separately for these two cases as
depicted in figure 7.8(b). It yields a value of E% = 0.91 £0.04 eV for low excitation densities

act
and EM" — 1.11 + 0.03 eV under stronger illumination.

The energetic conformation at a hybrid heterojunction is not a fixed parameter. It highly depends
on applied bias, device temperature and on the carrier density induced by illumination. The
results gained in this section show the variable behavior of a SnO,/P3HT heterojunction under
different illumination densities and give a hint towards the involvement of several recombination
processes. For practical purposes in photovoltaics, the relevant regime of device physics is
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Figure 7.8: (a) Jsc — Voc curves for temperatures between 120 K and 293 K measured at illumination
densities between 0.35 and 350 mW /cm?. The dashed lines give data fits in the regime of low illumi-
nation density between 0.35 and 3.5 mW /cm?, the fits for the regime of higher intensities between 10
and 350 mW /cm? are shown as solid lines. (b) A modified Arrhenius plot to determine the activation
energy [, for recombination current. The analysis in the regime of high illumination intensities yields
an activation energy of E:é%h = 1.11 £ 0.03 eV, while the calculated value under low excitation E%V is

smaller by ca. 200 meV.

situated around an illumination density of 1 sun. Consequently, this analysis will focus on
data gained under AM 1.5G illumination with excitation densities of 10mW /cm? and more.
Data for the low-excitation regime between 0.35 and 3.5 mW /cm? is only given for the sake of
completeness without deeper interpretation.

Figure 7.9 shows temperature-dependent V¢ values measured under AM 1.5G simulated sun-
light for intensities between 0.35 and 350 mW /cm? together with linear extrapolations from the
region between 200 K and room temperature to 7" — 0. Similar to the results for a ZnO/P3HT
diode shown in figure 5.10, the extrapolated Voc max Value depends on illumination density. This
effect has been attributed to the influence of a shunt resistance in the device.[151]

At temperatures below 120 K, the Ve vs. T' curve bends upward and produces larger Voc max
values than expected from the initial extrapolation slope. A similar behavior has been observed
in planar organic 6T/Cg, devices.[183] An analytical expression describing the recombination
current in the presence of an exponential density of trap states below the conduction band of the
donor material as proposed by Hawks et. al.[182] is able to reproduce the shape of the V¢ vs.
T curve under the assumption of a constant photocurrent.[183] This gives another hint towards
the influence of interfacial carrier traps onto the device physics of tin-oxide based photovoltaic
devices.

The average of extrapolated Vocmax values for illumination densities above 35 mW / cm? is
1.00 V. Taking into account the contribution of non-radiative recombination processses as de-
scribed in section 6.4.2, an HCTS transition energy of Eycrs = ¢Vocmax — Enr = 0.92€eV i1s
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Figure 7.9: Open circuit voltage of a SnO,/P3HT device measured at temperatures between 77 K and
293 K and AM 1.5G simulated sunlight illumination with intensities between 0.35 and 350 mW /cm?.
Data fits are linear extrapolations of data measured between 200 K and room temperature. A Voc max
value of 1.00V is obtained from converging slopes at illumination densities above 35 mW /cm?.

obtained. £, = 77meV represents the activation energy of non-radiative recombination as
obtained from temperature-dependent EL. measurements in section 7.4. As the upward bend-
ing of the Vipc vs. T’ curve is not included into the analysis, the Fycrs value calculated here
only stands as a rough estimate. In particular, the HCTS transition energy might be higher by
100 meV or even more, depending on the way in which the shape of the curve is included into
a more detailed extrapolation model.

7.3.3 Temperature-dependent Charge Separation

The external quantum efficiency of a SnO,/P3HT heterojunction measured at room temperature
is larger than the one for ZnO/P3HT and comparable to the one for ZnMgO/P3HT devices
with low magnesium contents. In the following, the temperature dependence of EQE will be
investigated in order to gain insight into the charge separation process at a SnO,/P3HT interface.

The following analysis will be performed using the four step model derived for the charge
generation process in ZnMgO/P3HT in section 6.4.1. At very low temperature below 100 K the
charge extraction process is limited due to insufficient carrier mobility in P3HT, which causes
an s-shaped J-V characteristic under illumination[174] (data not shown here). Above 100 K,
quantum efficiency increases with temperature until it reaches a maximum at ca. 150 K. Up to
room temperature, it slightly drops by ca. 20 %.

The data can be fitted nicely to the model derived in section 6.4.1 and yields the values E, =
50 £ 6meV and Eiee — Egiss = 78 == 8 meV. This shows that the mechanism of charge separa-
tion and non-radiative losses follows the same model as previously derived for the ZnO/P3HT
and ZnMgO/P3HT heterojunctions. The possible presence of interfacial trap states found on
SnO, does not affect the thermal excitation behavior of the charge separation process, which is
independent of the choice of inorganic acceptor materials. Comparing the value for E.. — Fjiss
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Figure 7.10: a) External quantum efficiency for the charge generation in a SnO,/P3HT device with
dpsur = 240 nm measured at temperatures between 77 K and room temperature. b) Arrhenius plot for
the external quantum efficiency at a photon energy of 2.25 eV along with the two fit models as described
in the text.

to the thermal activation energy for non-radiative recombination in EL measurements, it can be
concluded that the temperature-dependence of HCTS dissociation is very small. Consequently,
similarly to the previous results no significant thermal activation energy of HCTS dissociation
can be detected.

7.4 Electroluminescence of SnO,/P3HT Heterojunctions

Applying an external bias to a SnO,/P3HT hybrid diode produces an electroluminescence sig-
nal. Similar to the previously measured spectra it consists of a combination of singlet exciton
recombination in P3HT mostly in the visible red and a broad feature in the near infrared. The
latter can again be assigned to recombination of interfacial charge transfer states (see figure
7.11). The ratio between P3HT and HCTS signal varies with temperature and applied bias.

Taking a closer look at the EL spectrum in the near-infrared reveals that the HCTS emission is
separated into two distinguishable features. At room temperature, one broad peak is situated at
ca. 0.9eV. At its edge towards lower energy, a second emission feature is adjoined, reaching
further into the IR, beyond the detection range of the spectrometer used in this experiment.
Upon variable applied bias, these two components of the HCTS emission behave differently,
as depicted in figure 7.12(a). The emission at lower photon energy remains almost unchanged
when increasing the applied bias from 4.8 V to 6.6 V. At the same time a Gaussian shaped peak
emerges from its shoulder, growing in intensity and shifting towards higher energies. The P3HT
bulk emission simultaneously increases with higher voltage (not shown here).

The spectral shift of the Gaussian-shaped broad peak follows a proportionality towards F’ 5 with
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Figure 7.11: Full electroluminescence spectrum of a SnO,/P3HT photodiode with dpsyr = 280 nm for
an applied bias of 13V, measured at 190 K. Features of P3HT bulk luminescence and HCTS recombi-
nation are clearly separated from each other.

F being the electric field in the P3HT layer (see figure 7.12(b)). Consequently, it behaves in
the same way as the band-to-band recombination of free carriers forming an HCTS as observed
in diodes involving ZnO and ZnMgO in section 6.3.1 and can thus be connected to an identical
process in the present material system. The slope in figure 7.12(b) is almost identical to the
progression reported for ZnMgO (see figure 6.12(a)) and yields the same effective hole mass in
P3HT m* = 0.05 - m,. This confirms that the model of a field dependent electroluminescence
shift holds true, independent from the choice of inorganic acceptor material. Furthermore,
delocalization of electron and hole in an HCTS are intrinsic features of all comparable hybrid
inorganic-organic interfaces.

The low energy shoulder of the near-IR peak shows a different saturation behavior. It appears
to be saturated already at the lowest applied bias of 4.8 V, and its share of the spectrum con-
tinuously drops towards higher applied bias. Due to its spectral position at lower energies than
the HCTS it is likely that this feature is produced by trap-assisted recombination of holes in
P3HT and localized electrons in SnO, caught in interfacial defect states. The presence of these
states was already indicated in several other measurements presented in this chapter. Figure
7.13 schematically depicts both possible recombination processes. Bimolecular recombination
of free carriers forming an HCTS is marked as a blue arrow, while trap-assisted processes are
represented by a black arrow. Localized trap states are only filled with carriers below the Fermi
level, which is situated in direct proximity of the SiO, conduction band. Consequently, emis-
sion of trap-assisted recombination is expected to be situated in the near infrared at lower photon
energies than the bimolecular HCTS recombination.

From the recorded spectra it is not possible to determine if the low energy shoulder of the peak
follows the same field-dependent energetic shift as the bimolecular HCTS recombination. As it
cannot be clearly isolated from the band-to-band contribution to the EL signal, even the spectral
shape of this electroluminescence component is not accessible from the present data. At higher
applied bias, the intensity of the Gaussian-shaped EL feature significantly grows and finally
dominates the spectrum, giving it a similar appearance as all the previously measured HCTS
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Figure 7.12: Electroluminescence of a SnO,/P3HT photodiode with dpsgr = 280 nm (a) Room temper-
ature EL in the near-IR spectral range for applied bias between 4.8 V and 6.6 V shows a constant feature
at lower energies and an emerging Gaussian-shaped peak. Dashed lines are fits to the Gaussian-shaped
peak. (b) Spectral positions of the band-to-band EL. maxima measured at different temperatures. From
the room temperature data, a value of 0.76 + 0.02 eV can be extrapolated for /' — 0. (c) The spectral
variance of isolated HCTS band-to-band recombination peak does not increase with current density. (d)
Similarly to ZnMgO/P3HT heterojunctions, the quantum yield of HCTS recombination at a SnO,/P3HT
decreases by almost two orders of magnitude between 77 K and room temperature. A fit involving a
thermally activated non-radiative loss process yields an activation energy of Fy,, = 77 & 18 meV.
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Figure 7.13: If carrier recombination involving trapped electrons (black arrow) is a relevant process
in a hybrid device, it would introduce an additional mechanism in addition to the bimolecular HCTS
recombination (blue arrow) of free carriers in the P3HT HOMO and SnO, conduction band. Its transition
energy would be smaller than the one of direct band-to-band recombination.

luminescence spectra for other diodes without a significant contribution from interfacial traps.

The variance o of the Gaussian EL peak assigned to band-to-band recombination of free carriers
in an HCTS does not depend on current density as depicted in figure 7.12(c). Consequently, its
spectral shift towards higher energies is not a result of a state-filling process involving localized
trap states. The average peak width at room temperature is 0 = 137 £ 60 meV. Extrapolating
the EL peak position for /' — 0 yields a peak energy for a hypothetical field-free HCTS recom-
bination of 0.76 £ 0.02 eV. EL maxima at lower temperatures do not appear on the same slope
as the room temperature measurements. They are shifted towards lower transition energies in-
stead. A possible reason for this is an increased series resistance in the device due to lower
conductivity of SnO, and SnO,:Sb. If the voltage drop over the inorganic bulk SnO, cannot be
neglected anymore, the electric field at the heterojunction is being reduced.

Figure 7.12(d) shows the relative EL quantum yield

_ EQEg.(T)
EQEg (T = EQE,, (T7K)’

(7.1)
as the quotient of EL. quantum efficiencies at 77 K and room temperature. Approaching room
temperature, it drops by almost two orders of magnitude. Analogous to the analysis performed
on ZnMgO/P3HT heterojunctions, measured data can be fitted to a model involving a thermally
activated non-radiative recombination process given in equation 6.7. A similar activation energy
of £, = 77 £ 18 meV is determined from the fit curve, indicating that non-radiative loss
processes of metal-oxide/P3HT photodiodes follow a common mechanism which is not related
to a specific inorganic material. This value can also be used for correction of the temperature
determination of the HCTS transition energy from temperature-dependent measurements of Vo
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in section 7.3.2.

7.5 Discussion of Results

7.5.1 HCTS at a SnO,/P3HT Heterojunction

Combined analysis of photovoltaic measurements and electroluminescence spectroscopy from
planar SnO,/P3HT photodiodes reveals a mechanism of charge generation, which is very similar
to the processes in the previously studied systems involving ZnO and ZnMgO. Light absorption
in both donor and acceptor can contribute to a photocurrent. Prior to full charge separation,
electron and hole remain tied to each other at the interface in an HCTS.

Temperature-dependent measurements of photovoltaic charge generation show that the 4-step
process including a thermally activated loss channel, which was derived before in section 6.4.1,
holds true for SnO,/P3HT heterojunctions as well. It is able to reproduce EQE data over a
range between 100 K and room temperature. From the activation energies, which serve as fit
parameters, can be deduced that the binding energy of electron and hole in an HCTS is as small
as a couple of meV. Its dissociation does not show a detectable thermal activation. Such a
model of strongly delocalized electron and hole in an HCTS leading to a small binding energy
is consistent to the field-dependency of the electroluminescence signal produced by band-to-
band recombination in a SnO,/P3HT diode.

Extraction of the hypothetical field-free EL maximum yields a value of 0.76eV. The peak
width of ¢ = 137meV is very similar to values measured in previous chapters. The interpo-

lated HCTS luminescence maximum for ' — 0 is situated % ~ 350 meV below the HCTS

transition energy Efci‘tgh = 1.11 €V calculated from V¢ and Jsc data recorded at AM 1.5G illu-
mination with light intensities around 1 sun. According to the framework established in section
2.3.3, this confirms that the measured Gaussian peak originates from bimolecular recombina-
tion of free carriers forming an HCTS. Any emission spectrally located further in the infrared
is then likely to originate from carriers situated in localized defects.

Figure 7.13 shows the interface formed by SnO, and P3HT including the position of potential
interfacial defect states. Although the analyzed measurements do not provide indisputable ev-
idence in favor of their existence, a couple of indications can be found both in literature and
experimental data. One of these hints is an additional feature in electroluminescence spectra,
which is situated on the low-energy shoulder of the HCTS peak and reaches further into the
infrared. Voltage-dependent measurements show that it tends to saturate at low carrier den-
sity and loses its significance under higher forward bias. Such a behavior can be expected for
recombination in localized sub-bandgap defects due to state-filling effects.

Other hints towards the existence of interfacial defect states are given by the strong presence of
occupied electronic states between valence and conduction band as visible in UV photoelectron
spectroscopy as well as by the appearance of an additional feature in photovoltaic EQE mea-
surements at a photon energy of ca. 3.4eV. The overall influence of trapped carriers to power
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generation can, however, be considered small. In spite of this, their role in loss processes and
their influence on interface energetics has to be studied in more detail. For a definite answer
to the question if carriers at a SnO,/P3HT heterojunction can recombine in localized trap states
or not, additional experiments are necessary. Inverse photoelectron spectroscopy of the SnO,
(101) surface might show the presence of unoccupied electron states below the inorganic band
gap of the interface. Careful EQE measurements in the infrared can show photocurrent gener-
ation from direct absorption in HCTS and reveal a contribution of defect states at even lower
photon energies. Electroluminescence spectroscopy reaching further into the infrared can reveal
the spectral structure of the second feature in the EL spectra and possibly give hints towards its
origin. Another promising route is a detailed analysis of the band-tail recombination processes
in the diode by studying the behavior of the ideality factor following the model proposed by
Hawks et. al. for organic systems.[182]

7.5.2 Photovoltaic Losses

A detailed analysis of photovoltaic losses in a SnO,/P3HT heterojunction requires an appropri-
ate analysis of interface energetics. Photovoltaic measurements and electroluminescence spec-
troscopy provide extensive experimental data, thus a combined analysis of the results gained
in both procedures will yield a suitable model for estimating the photovoltaic performance and
losses of SnO,/P3HT devices. As the carrier recombination process at the interface and partic-
ularly the role of localized carrier traps is not fully understood so far, this analysis is restricted
to a rough estimate and a quantitative comparison to the other material systems investigated in
the previous sections.

For an estimate of the photovoltaic potential of a SnO,/P3HT heterojunction, the HCTS transi-
tion energy is compared to the actual photovoltage output of a device. In section 7.3.2, Eycrs
is determined in two different ways. Firstly, it is calculated as the activation energy for the
recombination current according to temperature-dependent measurements of V¢ and Jgc. As a
second approach, it is extrapolated as an intersection point from Vo vs. 7' curves.

The calculation of the activation energy F, yields different values, depending on illumination
density. Two regimes of low and high excitation can be separated from each other, resulting
in the two activation energies E" = 0.91 4+ 0.04eV and Enf" = 1.11 + 0.03eV. Future
research is likely to establish a broader understanding of the underlying physical processes
and might find an analytical model, which gives a complete description of the heterojunction
under all external conditions. As the diode behavior under 1 sun illumination is most relevant
for practical photovoltaic applications, only the latter value is chosen here for a quantitative

analysis of photovoltaic performance and losses.

The HCTS transition energy obtained from the maximal open circuit voltage ¢Vocmax — Enr =
0.93 eV is determined from temperature-dependent Ve measurements. It is almost 200 meV
smaller than F,. This big deviation might be a consequence of the simple extrapolation model,
which does not account for the steep increase of the V¢ below 120 K (see figure 7.9). Indeed,
the position of the HCTS electroluminescence maximum extrapolated to zero field at 0.76 £
0.02 eV makes it appear plausible, that the real HCTS transition energy is greater than 0.93 eV.
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Figure 7.14: Left: Distribution of transition energies in HCTS emission and direct HCTS absorption
(not measured) are mirror-symmetrical to the HCTS transition energy Eycrs according to Marcus theory.
Right: HCTS transition energy Eycts calculated from Vc-Jsc measurements (orange circle), Energetic
position of HCTS electroluminescence extrapolated to F' — 0 (black square), (¢Voc, max — Enr) (blue
triangle) and ¢Vpc at room temperature (green diamond). The red arrow shows the energetic difference
between HCTS transition energy and its emission maximum of 350 meV which equals % as predicted
for bimolecular band-to-band transition of free carriers. The blue and green arrows mark the photovoltaic
losses at room temperature compared to the different Fycrs values.

In figure 7.14 the energetic situation at a SnO,/P3HT heterojunction is depicted schematically.
On the left side the relation between HCTS absorption and emission defining its transition en-
ergy is shown, as postulated by Marcus theory (see section 2.3.3). This model gives a good
description of the behavior of ZnMgO/P3HT devices as observed in previous chapters. In the
diagram on the right side of the figure all quantities necessary for calculating interfacial photo-
voltage losses are shown: [, is represented by an orange circle, ¢Vocmax — Enr 18 marked as
a blue triangle, the extrapolated HCTS electroluminescence maximum at ' — 0 is shown as a
black square and the V¢ at room temperature is marked as a green diamond.

Both Eycrs values derived here can be used for a rough estimate of the photovoltage losses in
planar SnO,/P3HT photovoltaic devices. As the open circuit voltage at room temperature is only
0.37£0.10 V, the photovoltage losses inflicted by interfacial carrier recombination amount to a
value between 560 mV and 750 mV. Consequently, the quantity of losses is similar to those of a
ZnMgO/P3HT device as analyzed in section 6.5.1. Common organic systems like P3HT:PCBM
have smaller photovoltage losses between 400 mV and 550 mV.[25, 28, 184]

Consequently, the rapid relaxation of carriers from excited states in organic adsorbates to the
SnO, conduction band[16] does not bring a benefit in solar cells with the material combination
SnO,/P3HT. On the contrary, this heterojunction produces high photovoltage losses, which lead
to an open circuit voltage at room temperature of only 370 mV, which is the smallest value
measured in this work and not suitable for application in photovoltaic devices on a larger scale.

120



Chapter 8

Results and Discussion

In the experimental studies contributing to this work, three different material systems have been
studied extensively in order to gain knowledge about metal-oxide/organic heterojunctions and
their potential for photovoltaic devices. Hereby, the focus of research is set on understanding
the fundamental physical processes involved in the charge separation process at the interface.
From experimental results taken from planar photodiode devices involving the three heterojunc-
tions ZnO/P3HT, ZnMgO/P3HT and SnO,/P3HT a remarkable number of parallelisms can be
deduced which provide a framework for a fundamental understanding of metal-oxide/organic
heterojunctions in general. Careful analysis also reveals a couple of differences which have to
be taken into account in the evaluation of experimental results.

8.1 Hybrid Inorganic-Organic Photovoltaics

8.1.1 Device Performance of Metal-Oxide/Organic Heterojunctions

All diode structures involving one of the three metal-oxide acceptor materials were able to
produce a photocurrent upon light absorption. A model system for comparison of device per-
formances is given by a series of planar photodiodes combining a 240 nm thick P3HT layer
with one of the following inorganic acceptor materials: ZnO, Zny g9oMgg 010, Zng 95Mgp 050,
Zng ssMgp 140 and SnO,. Figure 8.1 shows J-V characteristics of all model devices both in the
dark and under 1 sun AM 1.5G illumination. All photovoltaic parameters are shown in table
8.1.

Regarding material systems involving ZnMgO, it can be concluded that increasing the Mg per-
centage in the acceptor does not improve the performance of a photovoltaic device as previously
reported by Olson et. al.[146] It only seems to shift weights between V¢ and Jsc. At higher
Mg contents a significant drop of conversion efficiency can be observed.

Sn0O, as acceptor material produces a power conversion efficiency which is similar to the values
measured for ZnMgO at low Mg contents. Its photocurrent is among the highest ones measured
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Figure 8.1: Characteristics in the dark (dashed lines) and under 100 mW /cm? AM1.5 simulated sunlight
(solid lines) taken from planar photodiodes with a 240 nm thick P3HT donor layer and the following
acceptor materials: ZnO (green), Zng.goMgg.010 (black), Zng.g5Mgg.050 (red), Zng ggMgp.140 (dark
blue) and SnO, (light blue).

in this work, but its low Vc nevertheless indicates severe recombination losses.

Surprisingly, the open circuit voltage of ZnO/P3HT devices is higher than values of
Zny g9oMg 01 O/P3HT diodes. This, however, occurs at the cost of a significantly smaller pho-
tocurrent, with its power conversion efficiency being about 40 % smaller than the one of Zn-
MgO/P3HT diodes with Mg contents of 1 % and 5 %. This irregularity will be discussed in
more detail in the next section.

Table 8.1: Performance parameters for all photovoltaic model devices presented in this work.

Heterojunction Voc (V) Jsc (mA/cm?) | Fill factor PCE

ZnO/P3HT 0.46 £0.03 | 0.058 =0.004 | 52% =2 % | 0.014 % + 0.002 %
Zny g9oMgy 01 O/P3HT | 0.40 + 0.01 | 0.098 £ 0.005 | 56 % + 1% | 0.022 % + 0.002 %
Zng 95Mgy 05O/P3HT | 0.51 £0.01 | 0.075 £0.009 | 52% £+ 4% | 0.020 % + 0.001 %
Zny gsMgy.14O/P3HT | 0.60 + 0.01 | 0.034 £ 0.001 | 54% £ 2% | 0.011 % %+ 0.001 %
SnO,/P3HT 0.37 £0.10 | 0.098 = 0.014 | 49% + 1% | 0.018 % + 0.003 %

8.1.2 ZnMg,O =7Zn0O?

Alloying ZnO with MgO to ZnMgO allows gradual tuning of its electrical and optical properties,
which can nicely be monitored by the behavior of ZnMgO/P3HT photodiodes. Between Mg
contents of 1 % and 14 % the HCTS transition energy is connected linearly to the optical band
gap of the acceptor material. As a consequence, photovoltaic parameters and EL emission
maxima equally follow the same progression. Values for Vo and HCTS EL peaks are well
predictable on the basis of experimental data, once the Mg content in a planar ZnMgO/P3HT
device is known.
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On this background, it comes rather as a surprise that the behavior of a ZnO/P3HT diode does
not fit into this scheme. According to analysis of ZnMgO/P3HT diodes in chapter 6, its V¢
under 100 mW /cm? AM 1.5G illumination at room temperature could be expected to be around
0.38V (see e.g. figure 6.25). Its actual value of 0.46V is significantly larger than this. At
the same time, its Jgc is smaller than expected by at least 40 %, which leads to a severely
reduced power conversion efficiency (see table 8.1). Although the Mg content in the most
similar ZnMgO diode is only x = 0.01, a clear qualitative difference between both devices can
be detected.

Taking into account the whole set of temperature-dependent photovoltaic data reveals the strong
similarity between all ZnMgO/P3HT diodes regardless of their Mg content (see figure 8.2(a)).
The slope of the linear fit in the range between 200 K and room temperature is almost identical,
meaning that following equation 6.15, the quotient between photocurrent and recombination
losses is the same for all ZnMgO/P3HT devices that were studied in this work. This, however,
does not apply for a heterojunction of pristine ZnO and P3HT. Whereas its V¢ at room tem-
perature is bigger than the value measured from a Zng goMgg 01 O/P3HT diode, its extrapolation
towards 0 K is significantly less steep and yields a Voc max value of 0.98 V, which is even slightly
below the expected range.
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Figure 8.2: (a) Temperature-dependent Voc measurements under 100 mW /cm? AM 1.5G illumination
from Zn; Mg, O/P3HT diodes with Mg contents of z = 0.01, x = 0.05 and x = 0.14 and a ZnO/P3HT
diode. P3HT thickness is 240 nm for all devices. Dashed lines show extrapolations from the region
between 200 K and room temperature towards 1" — 0 for determination of Voc max. (b) HCTS transition
energies obtained from temperature-dependent Voc measurements from Zn;_, Mg, O/P3HT diodes with
Mg contents of z = 0.01, z = 0.05 and x = 0.14 (filled triangles) and a ZnO/P3HT diode (open triangle)
plotted with respect to the optical gap of the inorganic acceptor layer. Filled and open diamonds show
the respective Voc measured at room temperature under 100 mW /cm? AM 1.5G illumination. Dashed
lines represent the slope of increasing A Fyp as measured in UV photoelectron spectroscopy.

The smaller slope towards lower temperatures indicates a less dominant influence of interfacial
recombination losses. Minor changes in interface energetics are not suitable as explanation for
the drastic differences in photocurrent between heterojunctions containing Zng goMgg 1O and
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Zn0O. What it more likely is the influence of interfacial disorder upon alloying ZnO and MgO,
which becomes active even at such low alloy grades of only 1 %. Consequently, the behavior
of ZnO is not equal to a hypothetical ZnMgO alloy with a magnesium content of zero. The
interfacial carrier trap density might be altered as well as the conformation of polymer chains on
the crystalline surface. Both effects can equally have a strong impact on device behavior.[111,
114, 145]

This irregularity is also reflected in a smaller photovoltage loss depicted in figure 8.2(b). While
the room temperature Voc of ZnMgO/P3HT photodiodes lies ca. 680 meV below the HCTS
transition energy independent of Mg content, this difference only amounts to ca. 450 meV for
a ZnO/P3HT diode. However as seen before, this does not mean that ZnO/P3HT photodiodes
have the best device performance of all devices studied in this work. In fact, its power conver-
sion efficiency is about 40 % smaller than the one of ZnMgO/P3HT diodes with Mg contents of
1% and 5 %. In spite of its reduced photovoltage losses, its photocurrent yield is surprisingly
low. Apparently, even an energetic difference of ca. 1.5eV between organic LUMO and in-
organic conduction band driving the charge separation process does not guarantee for efficient
exciton dissociation. A conclusive description for the qualitative differences in photovoltaic
behavior between heterojunctions with ZnMgO and ZnO as acceptor material cannot be given
here.

8.1.3 A Common Mechanism for Charge Separation

All three material combinations show a photovoltaic effect, which means that excitons produced
on either side of the interface can be dissociated and contribute to a photocurrent. By means of
a temperature-dependent analysis of the charge separation process, a multistep process can be
outlined (see section 6.4.1).

At low temperatures, the efficiency of charge separation in a planar heterojunction is governed
by two thermally activated transport processes: Exciton diffusion from the place of photon ab-
sorption towards the interface on the one hand, and extraction of dissociated carriers towards
the electrodes on the other hand. Consequently, power conversion becomes more efficient with
increasing temperature. However, this effect only continues up to ca. 150 K, when the pho-
tocurrent begins to stagnate and finally diminishes when approaching room temperature. As a
reason for this, a thermally activated recombination process could be identified. After overcom-
ing an activation barrier of ca. 60 meV, it becomes active to annihilate charge carriers right in
the middle of the charge separation process. As neither exciton transport towards the interface
nor carrier extraction after charge separation shows this declining behavior towards higher tem-
peratures, the loss process must involve direct recombination of hybrid charge transfer states
(HCTS) at the interface between organic donor and inorganic acceptor.

In table 8.2, two activation energies obtained from fits to experimental data from all material
combinations of ZnO/P3HT, ZnMgO/P3HT and SnO,/P3HT are referenced. Es describes the
increasing exciton mobility in P3HT which leads to a rising photocurrent in the temperature
range of up to 150 K. The values obtained from experimental data between 30 and 45 meV are in
good agreement with previous publications on thermal activation of exciton diffusion in P3HT
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Table 8.2: Activation energies of exciton diffusion F5 and differences between activation energy for
HCTS recombination process .. and HCTS dissociation energy Fjgiss. All quantities are described in
greater detail in section 6.4.1.

Heterojunction | E, | Erec — Euiss

ZnO/P3HT 45+ 15meV | 65+ 6meV
ZnMgO/P3HT | 43 £12meV | 60 & 8meV
SnO,/P3HT 31 £7meV | 53 £ 10meV

in literature.[83] The term F... — Fy;ss describes the difference in activation energies between
the process leading to interfacial HCTS recombination (E..) and the HCTS dissociation process
(E4iss)- Although the binding energy of HCTS cannot be extracted directly from photovoltaic
measurements, it is most likely small compared to other thermal activation energies and thus in
the range of only a few meV.

The fact that diodes with three different acceptor materials produce very similar values for s
and .. — Egiss underlines the universal validity of these findings for any hybrid heterojunction.
Even in organic photovoltaics the weak temperature dependence of .Js¢c around room tempera-
ture[31] might be interpreted more conclusively than in previously published models involving
phonon scattering processes.[52]

Temperature-dependent measurements of photovoltaic efficiency have revealed the signature
of a thermally activated recombination process at the hybrid interface between P3HT and an
inorganic acceptor. More knowledge on the mechanism of photovoltaic losses in hybrid hetero-
junctions can be gained from electroluminescence spectroscopy.

8.2 Electroluminescence from Hybrid Charge Transfer States

The presence of HCTS at the heterojunctions ZnO/P3HT, ZnMgO/P3HT and SnO,/P3HT, can
directly be proven by electroluminescence spectroscopy. In all three hybrid material systems
a broad Gaussian-shaped signal in the near IR can be detected. The spectral position of its
emission maximum scales with the hybrid energy gap A Fp between the inorganic conduction
band and the organic HOMO as shown for ZnMgO/P3HT heterojunctions in section 6.3.1.
Comparing EL spectra of diodes with different ZnMgO alloys yields the information that about
75 % of inorganic band gap widening contributes to an upward shift of its conduction band.
Consequently, the increase of AFEjo amounts to 75 % of the widening of the inorganic band
gap. Figure 8.3 shows that this progression can be extended to pure ZnO.

Combined analysis of EL spectra and photovoltaic data reveals that the HCTS emission with
a peak variance of o ~ 135meV is situated ca. 350 meV below the HCTS transition energy.
This matches nicely the prediction of Marcus theory postulating an energetic shift of A = %
which can be interpreted either as reorganization energy in a homogeneously broadened system
or as transport energy in case of inhomogeneous broadening.[62, 63] In conclusion this means,
that HCTS are formed by free carriers in HOMO and conduction band. As interfacial trap

states are not involved in the processes of charge separation and recombination, the proposed
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Figure 8.3: Extrapolated HCTS EL maxima for ' — 0 of three Zn;_,Mg,O/P3HT diodes with Mg
contents of x = 0.01, z = 0.05 and x = 0.14 (black squares) and a ZnO/P3HT diode (green star). The
dashed line gives the slope of increasing A Fjo with increasing Mg content as measured by UPS.

model is an intrinsic property of all inorganic/organic hybrid heterojunctions, regardless of their
crystalline structure and orientation, their chemical composition and the presence of localized
defects.

By systematically studying the influence of temperature and electric fields onto the HCTS re-
combination process, more knowledge about physical properties of hybrid charge transfer states
can be gained. At last, electroluminescence transients provide insight into recombination dy-
namics of HCTS and reveal connections towards other findings in this work.

8.2.1 Voltage-Dependent Shift of HCTS Electroluminescence

In all three material systems the HCTS electroluminescence peak shifts towards higher energies
with increasing voltage applied. In contrast to previous work in which this effect is attributed
to a current-dependent filling of localized defect states,[41] a proportionality between EL max-
imum shift and the electric field F' in the P3HT layer to the power of % can be found. As
described in section 6.3.1.1, this behavior can be reproduced by the upward shift of the ground
state in a triangular potential well which is formed by the P3BHT HOMO in proximity of the
interface.

The blue-shift in all three material combinations follows the same field-dependent behavior and
yields a similar slope with respect to F’ 5, Consequently, the density of states on the surface
of ZnO, ZnMgO and SnO, does not play a role here; the effect is solely produced by carrier
delocalization in P3HT. By extrapolating the EL maximum for F' — 0, the field-dependent
shift can be eliminated and a hypothetical spectral position of a field-free EL signal can be
determined. This value is used for the determination of the difference between HCTS transition
energy and EL emission maximum.

The EL spectrum of HCTS at ZnO/P3HT and ZnMgO/P3HT interfaces consists of a single
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Gaussian peak, which can be assigned to direct recombination of electrons in the inorganic con-
duction band and holes in the organic HOMO. It is only in the EL spectrum of a SnO,/P3HT
diode that a second feature appears. It is situated further in the infrared and might be a con-
sequence of recombination from interfacial trap states on the SnO, surface. There are several
hints towards their presence, e.g. the pronounced sub-bandgap absorption below the valence
band onset in UPS (see section 7.2), and an additional feature in EQE spectra. However, further
research is necessary to confirm this assignment.

8.2.2 Quantum Efficiency of HCTS Electroluminescence

EL spectroscopy measurements show a strongly increased external quantum efficiency in emis-
sion EQEy, if performed at low temperatures. At 77 K the ratio of charge carriers contributing
to an HCTS EL signal is two orders of magnitude higher than at room temperature. This be-
havior could be observed identically for ZnMGO/P3HT and SnO,/P3HT heterojunctions. In
both cases a model involving a thermally activated non-radiative decay channel could be fitted
to experimental data, yielding activation energies of around 70 meV. Such a behavior can be
explained by increased mobility of HCTS along the interfacial plane in presence of localized
defect sites which promote non-radiative recombination.

The comparison between EQEy; at low and high temperatures shows that at room temperature
at least 99 % of all charge carriers recombine non-radiatively. Consequently, non-radiative pro-
cesses are the main loss channel in hybrid photovoltaic devices. This fact has to be included
into analysis of photovoltaic data and interface energetics, as it is performed in section 6.4.2.1.

8.2.3 Time-Resolved HCTS Migration and Recombination

Time-resolved EL. measurements show a slow decay of HCTS emission in the order of 500 ns.
Consequently, HCTS persist about 1000 times longer than bulk excitons in P3HT. Taking into
acount the strong presence of non-radiative decay channels at room temperature of at least 99 %,
the characteristic time constant for radiative recombination of HCTS can be estimated to be at
least 50 us (see 6.3.2). Such a long lifetime is a consequence of the strong delocalization of
electron and hole in an HCTS, as it can be determined from field-dependent EL measurements
(see 6.3.1.1). It is also in good agreement to the small binding energy of an HCTS, seen in the
thermal activation of photovoltaic charge separation in section 6.4.1.

Comparison of HCTS EL transients at different spectral positions reveals a shortening of life-
times towards higher photon energies. Such a behavior is produced if charge carriers in an
HCTS are able to migrate along the interfacial plane. As the local ionization potential of
P3HT can shift by more than 300 meV depending on different orientations on an acceptor sur-
face,[114] HCTS are situated in a "bumpy” energetic landscape. The difference in carrier life-
times between emission energies reflects their ability to migrate from sites with high transition
energy to energetically lower places. This mobility along the interfacial plane sets up an addi-
tional decay channel for localized states at the high-energy edge of the HCTS emission peak,
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which is not present in the lower part of the spectrum. A similar behavior of mobile charge
transfer states at an interface plane has been observed in a purely organic system.[164]

It is likely that HCTS migration along the interface is the underlying process for the rise of
non-radiative recombination in EL measurements with increasing temperature. It might also
be connected to thermally activated annihilation of charge carriers as observed in temperature-
dependen photovoltaics, as both processes show a similar activation energy of ca. 70 meV.
Consequently, the signatures of exciton migration and non-radiative HCTS decay could be ob-
served in all three material systems studied in this work. Altogether a detailed understanding of
photovoltaic power conversion and loss processes provides a solid framework for new device
concepts and further improvement in the whole class of inorganic/organic hybrid heterojunc-
tions.
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Chapter 9

Conclusions and Outlook

9.1 Role and Properties of Hybrid Charge Transfer States

For several years, the scientific community has been discussing the reasons for poor perfor-
mances of hybrid inorganic-organic solar cells. Despite the prospected advantages of a hybrid
system combining an organic donor with a high absorption coefficient and a crystalline inor-
ganic acceptor with high carrier mobility, actual devices could not fulfill the hopes for efficient
power conversion and improved device stability. They even fail to reach the performance of
purely organic systems.

This work provides experimental evidence for bound states between electrons and holes on op-
posite sides of the donor-acceptor interface hindering efficient charge separation. The charges
in such a hybrid charge transfer state (HCTS) are bound to each other by Coulomb interaction;
only after dissociation of an HCTS can a contribution to photocurrent be made. This mecha-
nism was observed in three material combinations: ZnO/P3HT, ZnMgO/P3HT and SnO,/P3HT.
As only frontier orbitals in the organic and valence and conduction band in the inorganic are
involved, the findings can be extended to a whole class of organic/metal-oxide heterojunctions.

Electroluminescence spectroscopy proved to be a powerful tool for giving immediate evidence
for the existence of HCTS and in the analysis of their physical properties. The wavefunction
overlap of electron and hole in an HCTS is large enough to produce a detectable luminescence
signal in the near infrared if a forward bias is applied to a planar photodiode. The spectral
position of the HCTS luminescence peak directly depends on the interfacial band gap AFEjo
between inorganic conduction band and organic HOMO. It can be varied by choice of different
materials and even tuned continuously by choosing Zn; _,Mg,O with a variable Mg content x
as acceptor. This enables a quantitative study of interface energetics and photovoltaic losses.

From a field-dependent energetic shift in emission can be concluded that both carriers forming
an HCTS are delocalized perpendicularly to the interface. This observation matches well with
the long decay times in the range of 500 ns as measured in time-resolved EL spectroscopy. A
high degree of delocalization produces a long effective distance between electron and hole, and
thus a weak Coulomb interaction in the range of a few meV. Consequently, carriers in HCTS
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are bound to each other only loosely. During their long lifetime, HCTS undergo an energetic
relaxation process towards sites of lower local transition energy. This means that they are able
to migrate geminately along the interface plane, a similar behavior was reported recently for an
organic heterojunction as well.[164]

From these observations the question arises, how such a weak binding mechanism can severely
hinder charge separation and finally lead to severe losses in photovoltaic power conversion.
The answer can probably be found in a ratio of more than 99 % of all HCTS, which recombine
non-radiatively at room temperature. By means of temperature-dependent electroluminescence
measurements, the thermal activation of this recombination process can be studied. A connec-
tion between non-radiative recombination and HCTS mobility is likely.

9.2 Thermal Activation of Photovoltaic Charge Generation

Photovoltaic power conversion is a complex multistep process which besides HCTS dissocia-
tion involves transport of excitons towards the donor-acceptor interface and extraction of elec-
trons and holes after charge separation. A conclusive model for its thermal activation behavior
could be derived and successfully applied to experimental data from all material combinations
investigated in this study:

While extraction of single carriers is a limiting factor to power conversion only at low tempera-
tures and under high illumination densities, thermally activated exciton transport from the donor
layer towards the interface is directly responsible for the increase in photovoltaic quantum ef-
ficiency up to its maximum at temperatures around 150 K. At higher temperatures however,
a thermally activated loss process becomes significant, which produces a stagnating and even
slightly decreasing EQE when approaching room temperature. As expected from previous find-
ings on the structure of HCTS, the actual charge separation process at the interface only plays
a minor role in the temperature-dependent description of photovoltaic power conversion, and
does not leave a significant footprint in its thermal activation behavior. In previous work by
M. Gerhard a binding energy for a charge transfer state in a purely organic heterojunction of
46 meV 1is given,[29] consequently an even smaller value for a hybrid system appears to be
reasonable.

9.3 Interface Energetics and Photovoltage Losses

Two fundamental ways to obtain a reliable value for the HCTS transition energy Eycrs were
pursued in this work: Extrapolation of temperature-dependent open circuit voltage measure-
ments on the one hand, and determination of the thermal activation energy of the recombination
current from fits to diode characteristics on the other hand. Its value can be utilized to construct
a detailed image of the interface energetics and thus estimate the photovoltage losses of the
different material combinations.

Comparing Eycrs to the spectral position of the EL signal measured from the same diode yields
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an energetic shift of ca. 350 meV for ZnMgO/P3HT and SnO,/P3HT heterojunctions. Taking
into account an emission linewidth of 0 = 135 meV, this corresponds well to the expected
energetic shift k‘;—QT for an inhomogeneously broadened emission. This proves that HCTS re-
combination occurs as a bimolecular band-to-band recombination process between free carriers
in the inorganic conduction band and organic HOMO orbital, as any involvement of localized
trap states at the interface would lead to a further redshift. The EL spectrum from a SnO,/P3HT
interface indeed shows an additional feature located further in the infrared. It seems likely that
it originates in a recombination process involving trapped carriers, but no decisive proof can be

given in this work.

Independently from the Mg content x in the acceptor material, the difference between the cal-
culated Fycrs and the Voc of a Zn;_,Mg,O/P3HT photodiode measured under 100 mW /cm?
AM 1.5G illumination at room temperature amounts to ca. 680 mV. This figure clearly exceeds
literature values for losses in purely organic solar cells and stands as an example of poor device
performances of inorganic-organic photovoltaic systems. The losses in devices involving unal-
loyed ZnO are ca. 180 mV lower, but at the expense of a significantly lower photocurrent, which
leads to an even lower power conversion efficiency. The two material systems ZnMgO/P3HT
and ZnO/P3HT show a qualitative difference in photovoltaic parameters, which most likely can
be attributed to the influence of surface reconstruction and disorder phenomena.

The photovoltage losses at a SnO,/P3HT heterojunction are approximately as high as those
measured at ZnMgO/P3HT devices. In separate experimental procedures, a corridor between
560meV and 750 meV could be determined. In terms of power conversion efficiency, this
material system is on the same level as a ZnMgO/P3HT heterojunction with a low Mg content.
The faster electron transfer from an organic adsorbate to the SnO, conduction band as reported
in literature[16] could not make a positive impact on the photovoltaic efficiency.

After analysis of three metal-oxide/organic material systems, it can be concluded that photo-
voltaic losses caused by interfacial recombination remain a serious issue in hybrid inorganic-
organic solar cells. Despite the favorable effects of carrier delocalization in both donor and
acceptor material, bound states at the interface inhibit an effective charge separation. The long
radiative lifetime of HCTS, which was determined in time-resolved electroluminescence spec-
troscopy, fails to prevent interfacial carrier recombination. Even though dissociation of HCTS
into free electrons and holes does not impose a detectable energetic barrier to the photocurrent
generation process, the competition between charge separation and interfacial recombination
commonly does not end with a success. As a consequence, hybrid inorganic-organic hetero-
junctions cannot catch up with the efficiency of purely organic solar cells.

Non-radiative recombination of HCTS appears to be the most incisive loss process. This in-
dicates that these losses are theoretically avoidable according to Shockley’s law.[7] Further
research on improved concepts for rapid carrier separation is necessary in order to fully exploit
the potential of hybrid inorganic-organic photovoltaics.
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9.4 Future Applications for Hybrid Inorganic/Organic
Heterojunctions

One hint towards more efficient charge separation can be obtained from the photosynthesis
reaction occurring in all green plant cells. Hereby, chlorophyll acts as donor, which passes
an electron over to an acceptor molecule upon light absorption. By means of a cascade of
subsequent transfer processes, rapid detachment of electrons and holes is achieved.[185] This
mechanism efficiently limits re-capture and recombination of carriers at the interface.
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(a) Solar cell with cascade (b) Infra-red LED with HCTS confinement

Figure 9.1: (a) Energy levels of a ZnMgO/P3HT solar cell with a band gap cascade to rapidly funnel the
electron away from the interface (b) Proposed infra-red LED with HCTS confinement for an increased
radiative recombination rate

A similar energetic cascade can be realized by a stack of ZnMgO layers with increasing Mg
content towards the interface as depicted in figure 9.1(a). By that means, electrons can effi-
ciently be dragged away from the interface, which can prevent interfacial losses. By layering
several types of small molecules, a similar effect can be reached for holes on the organic side of
the heterojunction. Future research on hybrid photovoltaics will evaluate the potential of novel
device architecture in order to push the limit towards higher efficiencies.

For fabrication of narrow-band hybrid light emitting diodes in the near infrared, the same prin-
ciple can be reversed. By inserting a thin ZnO layer into a ZnMgO/P3HT heterojunction, a step
in the potential for a close confinement of HCTS to the interface is created (see figure 9.1(b)).
The reduced delocalization and mobility of HCTS is likely to enhance radiative recombination,
which can be exploited in the construction of novel type light sources.
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A Influence of UV Irradiation onto ZnO/P3HT and SnQO,/
P3HT Photodiodes

Carrier concentration and physical properties of crystalline semiconductor materials can tempo-
rally be altered by excitation of charge carriers situated in sub-bandgap traps. In case of ZnO,
such an effect can last over several hours.[186] In order to obtain accurate and reproducible
measurements, the sensibility of photovoltaic devices to light irradiation at different photon en-
ergies has to be examined. For this reason time-dependent photocurrent measurements were
performed for two photodiodes with ZnO/P3HT and SnO,/P3HT as active layers. For each
diode the response to UV irradiation at a wavelength slightly below the inorganic band-gap
was probed. Figure 9.2 shows that the EQE of a ZnO/P3HT device rapidly decreases upon
illumination with a photon energy of 3.30 eV, while the quantum efficiency of a SnO,/P3HT
device remains constant under illumination with a photon energy of 3.54 eV. For both devices
the power conversion efficiency is not altered upon excitation of the P3HT donor material with
a photon energy of 2.25¢eV.

For this reason in all photovoltaic measurements involving ZnO or ZnMgO as acceptor mate-
rial a modified AM 1.5G spectrum was used with a 395 nm long pass filter removing all UV
irradiation as shown in figure 4.4. All experiments with SnO,/P3HT diodes could be performed
without this additional filter.

B Carrier Mobilities in ZnMgO and ZnMgO:Ga

Figure 9.3 shows carrier mobilities measured in 400nm thick Zngg;Mgy 09O and
Zng 91 Mg 09O:Ga layers measured using the Hall effect. Both layers were fabricated by molec-
ular beam epitaxy on top of a sapphire substrate as described in section 3.1.2. In the pure
ZnMgO layer the electron mobility slightly increases in the range between 75 K and room tem-
perature, while it remains at a constant value for ZnMgO:Ga. The measured carrier concentra-
tions are ca. 4.3 x 10?° cm™3 in the gallium doped layer and 2.0 x 10'® cm ™2 in the undoped
layer, independent of temperature.
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Figure 9.2: (a) Timelines of photovoltaic efficiency of a ZnO/P3HT photodiode upon illumination with
photon energies of 3.3 eV and 2.25eV. At the time ¢ = 0 illumination is switched on. (b) EQE timelines
of a SnO,/P3HT device for illumination with photon energies of 3.54eV and 2.25¢eV.

—~ 20
g m ZnMgO
~ ® ZnMgO:Ga
5 154
:g s © o © o O °
ol 10-
o)
£ ~ " % (I
o) .
‘T 59 % g
©
O

0

100 150 200 250 300
Temperature (K)

Figure 9.3: Electron mobilities in Zng g1 Mgp 00O and Zng 91 Mg 09O:Ga layers measured using the
Hall effect at temperatures between 75 K and room temperature.
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C. THERMAL ACTIVATION OF PHOTOCURRENT GENERATION

C Thermal Activation of Photocurrent Generation
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Figure 9.4: Temperature-dependent EQE values of a ZnO/P3HT diode with dpsyr = 240nm under
monochromatic excitation with a photon energy of 2.25eV. Fit range between 100 K and 295 K. Re-
combination model fit parameters: Fy = 45 + 15meV and (Frec — Egiss) = 65 & 6 meV. Phonon
scattering model fit parameters: £ = 60 & 16 meV and m = 3.92 + 1.19.
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Figure 9.5: Temperature-dependent EQE values of a Zng g9Mgg .91 O/P3HT diode with dpsgt = 240 nm
under monochromatic excitation with a photon energy of 2.25 eV. Fit range between 100 K and 295 K.
Recombination model fit parameters: Fy = 54 + 6 meV and (Frec — Egiss) = 68 - 4meV. Phonon
scattering model fit parameters: /4 = 62 &+ 6 meV and m = 3.98 £ 0.38.
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Figure 9.6: Temperature-dependent EQE values of a Zng ggMgg.14O/P3HT diode with dpsgr = 115 nm
under monochromatic excitation with a photon energy of 2.25eV. Due to the thin P3HT layer and
the low photocurrent no s-shaped J-V characteristics is observed at low temperatures. Therefore the
fit is performed for all measurements between 80 K and 295 K. Recombination model fit parameters:
Ep =31+ 7meV and (Frec — Faiss) = 53 £ 10 meV. Phonon scattering model fit parameters: Ex =
54 &+ 6 meV and m = 3.29 £ 0.47.

D Derivation of the Radiative Recombination Current

In this section the evaluation of the integral for the radiative recombination current J5* as used
in the discussion in section 6.4.2 is described.

The radiative recombination current Ji** is the fraction of the total recombination current .J
and the radiative quantum efficiency EQEg; of a heterojunction.

J4 = Jy - EQEy; . 9.1)

The detailed balance model establishes a relation between the radiative recombination current
and the charge generation of the device by thermal excitation in the dark. [61]

Jod = ¢ / EQEp, g E dE. 9.2)
0

The contribution of HCTS to the EQE of a solar cell is given as the absorption spectrum of
hybrid charge transfer states 0 4(F) at a planar interface, multiplied by the charge extraction ef-
ficiency 7. In organic and hybrid systems, the absorption spectrum of interfacial charge transfer
states is described by a Gaussian peak around the energy FE.[25, 39]
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E — E,)?
EQBpy (E) = noa () = —— e (—%) 93)

®Ly is the blackbody radiation spectrum of the device with its temperature 7'.

27 E
dL(E) = WW exp (-I@—T) (9.4)

2w
h3c?

Equations 9.3 and 9.4 inserted into equation 9.2. The product
constant f*.

1 will be lumped into the

© F (E - EO)Q) ( E )
Jid — */ <—— X ——— | dE. 9.5
0 Qf 0 \/%O’ €xXp 20_2 exXp kBT ( )

Pulling together the two exponential functions:

Jéad — qf*/
0

Rearranging and completing the square:

(9.6)

E? — 2BEy) + B} + 22
£ exp —( 0) 0 kel dE
V2ro 202

(- (52,

2
0.2
Jrad _ f* ex Eg B (EO B m) /OO E ex _
U P 202 0 V2mo P 207
9.7)
In the integral appears the normalized formula of a Gaussian with its peak Fy — R multiplied

kpT
by the photon energy E. Integration thus yields a value close to peak of the normal distribution.

o 0
Jéad =qf" (Eo - 2 I> exp <_—k T%BT> (9.8)

Consequently, Eycrs = Ey —
current

2,3? is the activation energy for the radiative recombination

, By — -2
Ji = ¢ f* Encrs exp (—%) . 9.9)
B
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Abbreviations

Abbreviation Description

AFM Atomic Force Microscopy

ALD Atomic Layer Deposition

AM 1.5G Air Mass 1.5 Global Spectrum

CB Conduction Band

CT Charge Transfer

CTS Charge Transfer State

EL Electroluminescence

EQE External Quantum Efficiency

FF Fill Factor

FWHM Full Width at Half Maximum

HCTS Hybrid Charge Transfer State
HOMO Highest Occupied Molecular Orbital
ITO Indium Tin Oxide

IR Infrared

Jsc Short Circuit Current

J-V characteristic | Current-Voltage Characteristic
LUMO Lowest Unoccupied Molecular Orbital
MBE Molecular Beam Epitaxy

MPP Maximum Power Point

NIR Near Infrared

P3HT Poly(3-hexylthiophene)

PCBM Phenyl-Cg;-butyric Acid Methyl Ester
PCE Power Conversion Efficiency

PL Photoluminescence

PV Photovoltaics

RHEED Reflection High Energy Electron Diffraction
RMS Root Mean Square

SECO Secondary Electron Cut-Off

UPS UV Photoelectron Spectroscopy

uv Ultraviolet

VB Valence Band

Voc Open Circuit Voltage
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