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Zusammenfassung

Das Ziel der organischen Photovoltaik sind effiziente und flexible Solarzellen, die sich giinstig
aus Losungen herstellen lassen. In den letzten Jahren wurden beachtliche Fortschritte erzielt,
trotzdem sind organische Solarzellen derzeit weder im Hinblick auf die Effizienz noch auf die
Lebensdauer mit anorganischen Solarzellen konkurrenzfihig. Doch geringe Herstellungskosten
und neue Anwendungsgebiete konnten die Nachteile organischer Solarzellen wettmachen. Ei-
ne interessante Moglichkeit organische Solarzellen weiterzuentwickeln ist die Verbindung von
organischen und anorganischen Halbleitern. Denn anorganische Halbleiter in Form von Na-
nopartikeln konnen ebenfalls aus Losungen prozessiert werden. So kdnnen die anorganischen
Halbleiter ihre Vorteile, wie zum Beispiel ein breites Absorptionsspektrum, in eine hybride

organisch-anorganische Solarzelle einbringen.

Hybride Solarzellen lassen sich, analog zu der Herstellung von organischen Solarzellen, als
sogenannte ,,bulk heterojunction‘ Solarzellen realisieren. Solche Solarzellen besitzen einen im
gesamten Volumen der aktiven Schicht verteilten Heteroiibergang und lassen sich herstellen,
indem man anorganische Halbleiternanopartikel mit organischen Halbleitern mischt. Der Vorteil
von Volumenheteroiibergiingen ist, dass Exzitonen aus den organischen Halbleitern aufgrund
der groen Grenzfliche effizient getrennt werden konnen. Hybride Solarzellen wurden bereits

mit einer Vielzahl anorganischer und organischer Halbleiter realisiert.

In dieser Arbeit wurden Siliziumnanokristalle, welche in einem Mikrowellenreaktor hergestellt
wurden, in Volumenheteroiibergéingen mit organischen Halbleitern untersucht. Dabei wurden
sphérische Siliziumnanokristalle, welche eine scharfe Groflenverteilung besitzen, mit Durch-
messern zwischen 4 nm und 33 nm verwendet. Siliziumnanokristalle sind ungiftig und besit-
zen ein breites Absorptionsspektrum. Dies zeichnet Siliziumnanokristalle gegeniiber Halblei-
ternanokristallen aus Materialien wie CdSe oder ZnO, welche bisher fiir hybride Solarzellen
verwendet wurden, aus. Als organische Halbleiter fiir hybride Solarzellen bieten sich das Po-
lymer Poly(3-Hexylthiophen) (P3HT) und das Fulleren-Derivat [6,6]-Phenyl-Cg;-Buttersdure-
Methylester (PCBM) an, welche sich in rein organischen Solarzellen als Standardhalbleiter
etabliert haben. Aufgrund der Lage der jeweiligen Energieniveaus ist P3HT in rein organischen

Solarzellen der Elektronendonor und PCBM der Elektronenakzeptor.

Mit Hilfe der lichtinduzierten Elektronenspinresonanz-Spektroskopie (LESR) wurde an Gemi-

schen aus Siliziumnanokristallen und P3HT oder PCBM die Generation und Trennung von



Zusammenfassung

Ladungstriagern unter Beleuchtung nachgewiesen. In den Gemischen konnten jeweils lichtindu-
zierte positive P3HT-Polaronen oder negative PCBM-Radikale detektiert werden. Dabei war die
Erzeugung von bis zu 2.8 x 10'7 g~! positiven P3HT-Polaronen in P3HT/Siliziumnanokristall-
Gemischen dhnlich effizient wie in dem rein organischen Referenzsystem P3HT/PCBM. Da
P3HT auBlerdem ein breiteres Absorptionsspektrum als PCBM hat, wurden die weiteren Mes-
sungen an P3HT/Siliziumnanokristall-Gemischen durchgefiihrt. So wurde mit LESR-Messun-
gen bei unterschiedlichen Wellenlidngen gezeigt, dass beide Materialien zur Generation von
Ladungstriigern beitragen. Uber zeitabhingige LESR-Messungen konnte auBerdem beobachtet
werden, dass in den P3HT/Siliziumnanokristall-Gemischen ein schneller (<1 s) Ladungstrans-
fer stattfindet, der sich klar von dem Verhalten in reinem P3HT unterscheidet.

In Absorptionsmessungen wurde des Weiteren gezeigt, dass in einer P3HT/Siliziumnanokris-
tall-Schicht sowohl P3HT als auch Siliziumnanokristalle zur Absorption im sichtbaren Spek-
tralbereich beitragen. Allerdings ist die Konjugationslinge von P3HT in den Mischschichten
leicht reduziert, wie durch Absorptionsmessungen im infraroten Spektralbereich gezeigt wer-
den konnte. Die gute Vermischung beider Komponenten, die durch Rasterkraft- und Elektro-
nenmikroskopmessungen bestitigt wurde, konnte durch die Verwendung von Chloroform als

gemeinsames Losungsmittel erreicht werden.

Mit P3HT und Siliziumnanokristallen als aktive Schicht, eingebettet zwischen zwei Kontak-
ten, wurden funktionierende Solarzellen hergestellt. Damit konnten Leerlaufspannungen von
bis zu 0,76 V erzielt werden. Mit Hilfe von spektral aufgelosten Photostrommessungen wurde
auflerdem der Beitrag von beiden Halbleitern zum Photostrom nachgewiesen, was im Einklang
mit den LESR-Messungen bei unterschiedlichen Wellenldngen ist. Des Weiteren konnte auch
mit elektrisch detektierter magnetischer Resonanz gezeigt werden, dass beide Halbleiter zum
Stromtransport beitragen. In den P3HT/Siliziumnanokristall-Solarzellen werden unter Beleuch-
tung Elektronen aus dem P3HT in die Siliziumnanokristalle transferiert, wihrend die Locher
aus den Siliziumnanokristallen in das P3HT abgegeben werden. Die Effizienz von 0,01 % muss
allerdings noch verbessert werden. Dieser niedrige Wert ist wahrscheinlich auf die hohe Dichte
von Grenzflichendefekten auf der Oberflache der Siliziumnanokristalle zuriickzufiithren, wel-

che als Rekombinationszentren wirken.

Ein geordneter Volumenheteroiibergang, der gleichzeitig eine groe Grenzfliche und Transport-
pfade fiir Ladungstriger gewdhrleistet, ist eine vielversprechende Moglichkeit hybride Solarzel-
len zu verbessern. Um einen solchen Heteroilibergang herzustellen, wurde in dieser Arbeit die
Methode der Softlithographie auf Schichten aus Siliziumnanokristallen angewandt. Dabei wur-
den StrukturgréBen von ungefihr 200 nm erreicht. Da das Aspektverhiltnis aber noch zu klein
war, konnte mit strukturierten Siliziumnanokristallschichten keine Verbesserung der Effizienz

von P3HT/Siliziumnanokristall-Solarzellen erreicht werden.



In hybriden Solarzellen ist es wichtig, die relative Lage der Energieniveaus der beiden Halbleiter
zu kennen. Denn zum einen muss die Bandanordnung eine Trennung der Exzitonen zulassen,
aber gleichzeitig soll auch eine moglichst hohe Leerlaufspannung erzeugt werden. Aufgrund
des groBen Einflusses der Morphologie auf das Verhalten der Solarzelle ist es allerdings schwie-
rig, die exakte Bandanordnung in Volumenheteroiibergiingen zu bestimmen. Darum wurden in
dieser Arbeit auch hybride Heteroiibergiinge mit Volumenhalbleitern anstelle von Nanokristal-

len untersucht.

An Heteroiibergiingen aus P3HT und Volumen-Silizium wurden Strom-Spannungs-Kennlinien
unter Beleuchtung mit unterschiedlichen Wellenldngen gemessen. Damit wurden selektiv La-
dungstrdager in P3HT, in Silizium oder in beiden Materialien erzeugt. Aus diesen Messungen
konnte auf eine ungiinstige Bandanordnung zwischen dem Valenzband von Silizium und dem
hochsten besetzten Molekiilorbital (HOMO) von P3HT geschlossen werden: Der Transfer von
lichtinduzierten Lochern aus dem Silizium in das P3HT wird durch eine Barriere stark er-
schwert. So wurde, im Gegensatz zu Solarzellen mit Siliziumnanokristallen, nur eine Leer-
laufspannung von 0,1 V gemessen. Das heil3t auch, dass fiir die Bandanordnung in hybriden
Heteroiibergingen mit Siliziumnanokristallen andere Effekte, wie zum Beispiel die Oberfld-

chendefekte, verantwortlich sind.

Aufgrund der Barriere fiir Locher, welche in P3HT/Silizium-Heterotibergdngen identifiziert
wurde, ist fiir hybride Heteroiibergiinge ein anorganischer Halbleiter mit einem energetisch
tiefer liegenden Valenzband besser geeignet. Darum wurde Silizium durch den Volumenhalblei-
ter 6H-SiC ersetzt, bei dem das Valenzband weit unterhalb des HOMO von P3HT liegt. Um die
Dunkelkennlinien des P3HT/6H-SiC-Heteroiibergangs zu beschreiben, wurde ein Ersatzschalt-
kreis verwendet, der eine Diode, einen Parallelwiderstand und einen Serienwiderstand durch
Raumladungseffekte beriicksichtigt. Die Strom-Spannungs-Kennlinien des P3HT/6H-SiC-He-
terotibergangs konnten durch die thermionische Emission von Elektronen aus dem Leitungs-
band von 6H-SiC iiber eine Barriere in das niedrigste unbesetzte Molekiilorbital (LUMO) von
P3HT beschrieben werden. Aus den Fit-Parametern konnte die Barrierenhohe mit 1,1 V be-
stimmt werden. Dieser Wert ist in sehr guter Ubereinstimmung mit dem Wert von 0,9 V, wel-
cher durch temperaturabhiingige Messungen der Leerlaufspannung unter Beleuchtung bestimmt
wurde und dem Abstand zwischen dem Leitungsband von 6H-SiC und dem HOMO von P3HT
entspricht. Somit wurde die Bandanordnung der P3HT/6H-SiC iiber zwei verschiedene Ansitze
bestimmt. Unter Beleuchtung wurde auflerdem eine Leerlaufspannung von 0,55 V bei Raum-
temperatur gemessen, was 6H-SiC zu einem moglichen Kandidaten fiir hybride Solarzellen

macht.






1 Introduction

Harvesting energy directly from sunlight is increasingly recognized as an essential component
of the future global energy production. The decreased availability of fossil fuel sources and the
realization of the negative long-term effects of CO; emissions into the atmosphere are driving
research for renewable energy resources. On the other hand, more energy from the sun hits the
earth in one hour than all of the energy consumed on our planet in an entire year. Thus, capturing
even a small fraction of the 120000 TW [LewO7] that reaches the earth could significantly
change the overall energy balance.

Photovoltaics

The solar cell is considered a major candidate for obtaining energy from the sun, since it can
convert sunlight directly to electricity with a high conversion efficiency. The photovoltaic effect,
1.e. the generation of a voltage when a device is exposed to light, was discovered by Becquerel
in 1839 [Bec39]]. However, it was not until 1954 that the solar cell received increased attention,
initiated by monocrystalline silicon solar cells by Chapin et al. with an efficiency of approxi-
mately 6% [ChaS4]. Nowadays, mono- and multicrystalline silicon solar cells are the dominant
cell type, covering about 84 % of the market [Mil07]], and record silicon solar cells do achieve

conversion efficiencies of 25 % [Zha94|].

The key aim of all solar cell technologies is to increase conversion efficiencies and to reduce
production costs to compete with other forms of power generation. This target is most likely
to be reached via a cost reduction by the use of new technologies and materials, not only by
cost reductions through economies of scale. Such new technologies and materials, including
thin films, thin silicon, organic photovoltaics, and multijunction concentrator approaches have
the potential to significantly reduce the costs per watt. In contrast to other technologies, organic
photovoltaics has two distinctive advantages which makes it an especially promising approach
and could lead to the most significant cost reduction: Organic compounds are inexpensive to
synthesize and can be solution-processed in a roll-to-roll process with high throughput at low
temperatures. The concept of the organic bulk heterojunction solar cell, where two organic
semiconductors are blended to form an interpenetrating network to facilitate exciton dissocia-
tion [Yu93], and the Nobel Prize in Chemistry for Alan J. Heeger, Alan G. MacDiarmid, and

11



1. Introduction

Hideki Shirakawa in the year 2000 for their work on semiconducting and metallic polymers
[HeeOll] have led to intensive research activities on the field of organic photovoltaics. Today,
single-junction solar cells already achieve efficiencies of about 8 % [KonlO] for devices on a

laboratory scale by using new low-bandgap polymers.

Organic-inorganic bulk heterojunctions with inorganic

nanocrystals

Nevertheless, inorganic semiconductors have several advantages compared to organic semicon-
ductors, such as the broader absorption spectrum or that they can be doped to a specific level. In
addition, inorganic semiconductors can also be processed from solution, if e.g. nanocrystals in
an appropriate solvent are employed. When combining organic semiconductors and inorganic
semiconductor nanocrystals for photovoltaic applications, the unique properties of both materi-
als can be used, while at the same time the advantages of a bulk heterojunction can be preserved.
Organic-inorganic hybrid bulk heterojunctions have been realized with several inorganic mate-
rials, such as ZnO [Bee04]] or CdSe [Gre96]. From many materials, for instance CdSe, not
only spherical nanocrystals, but also elongated or branched nanocrystals can be synthesized via
colloid chemistry. Such nanostructures lead to a better intermixing with the organic part and
provide additional transport paths. With branched CdSe nanocrystals, record efficiencies of up

to 3.1 % for hybrid bulk heterojunctions have been achieved [Day10].

However, many inorganic semiconductors used for hybrid solar cells, e.g. CdSe or ZnO, are ei-
ther toxic or their absorption spectra are not matched to the solar spectrum. This is not the case
for silicon nanocrystals, which can be produced e.g. via gas-phase growth [Kni04]. Further-
more, silicon is naturally abundant and one of the best investigated materials available. Also, it
exhibits a broad absorption range, which makes it an ideal counterpart to organic semiconduc-
tors with their narrow absorption bands. A promising organic semiconductor for hybrid solar
cells with silicon nanocrystals is poly(3-hexylthiophene) (P3HT), which is used in most of the
state-of-the-art organic solar cells [Ma0S]. P3HT has a high mobility and acts as an electron
donor in organic solar cells [ChoO4]]. Furthermore, P3HT has proven to work with different
inorganic nanocrystals in hybrid solar cells [Huy02, i(GueQ7].

Organic-inorganic bilayer heterojunctions

In hybrid bulk heterojunctions for solar cell applications the relative positions of the energy
levels is very important. On the one hand, the band offsets must be large enough to enable

exciton dissociation at the interface. On the other hand, to obtain a high open-circuit voltage,

12



the band offsets should be as small as possible. Furthermore, the film morphology has a large
influence on the properties of a bulk heterojunction. An active layer, where both materials are
blended on the nanometer scale and still preserve current paths to the contacts, is crucial for an
efficient exciton dissociation and charge transport. However, it is difficult to separate the effects
of the morphology and of the band-alignment on a bulk heterojunction. Thus, to obtain more
information on the band offset at the interface of the heterojunction, one has to consider flat

bilayer heterojunctions.

For hybrid bilayer heterojunctions made of a molecular organic semiconductor and silicon,
fundamental work has been done by Forrest ef al. [For84a, [For84b]. It was found that the
current-voltage characteristics can be described as a combination of thermionic emission and
space-charge limited current. Such hybrid bilayer heterojunctions have also been realized with
amorphous silicon and P3HT for solar cell applications. However, in these heterojunctions only
a small efficiency could be achieved and, when compared to other organic semiconductors on
amorphous silicon, the importance of the relative position of the highest occupied molecular or-
bital relative to the valence band of the inorganic counterpart could be demonstrated [[Gow06].
Instead of replacing the organic part, one can also replace the silicon by an inorganic semicon-
ductor with a significantly different valence band position. This has been done for example in
the work of Olson et al., where, by alloying the zinc oxide acceptor with magnesium, the band
offset could be successfully varied and a significant increase of the open-circuit voltage could
be achieved [OlsO7]. Another interesting material, regarding the positions of the valence and
conduction band edges, is the wide bandgap semiconductor 6H-SiC. Furthermore, as a con-
sequence of different stacking sequences, SiC can be found in more than 250 polytypes which
differ in various properties such as the bandgap [Fis90]. This makes it a very promising material
for the investigation of the influence of different positions of the band edges on the performance

of the hybrid heterojunction.

Chapter overview

The aim of this work is to study the properties of hybrid heterojunctions, bulk heterojunctions
as well as bilayer heterojunctions, with regard to photovoltaic applications. In Chapter 2| an
overview over the different aspects of semiconductor heterojunctions will be provided. Here,
specific aspects of organic semiconductors and semiconducting nanocrystals are highlighted.
Moreover, the theory of semiconductor junctions and the practical application of semiconductor

junctions as solar cells are discussed.

Chapter 3] introduces the materials which were used during the course of this work. The phys-
ical properties of the inorganic semiconductors, bulk silicon, silicon nanocrystals, and silicon

carbide, as well as the organic semiconductors, P3HT and PCBM, are presented.

13



1. Introduction

In Chapter [ the sample preparation, for bulk heterojunctions as well as for bilayer hetero-
junctions, is described. Additionally, the experimental methods to characterize the structural,

chemical, optical and electrical properties of the samples are explained in this chapter.

The investigation of hybrid bulk heterojunctions with silicon nanocrystals is shown in Chapter
Here, the optical properties and the morphology are discussed, and via light-induced electron
spin resonance measurements the photo-induced charge transfer in the bulk heterojunctions
is demonstrated. Moreover, solar cell prototypes made of P3HT and silicon nanocrystals are
presented and the contribution of both components to the photocurrent will be revealed. On top
of that, soft lithography of silicon nanocrystals is introduced as a method to fabricate ordered

heterojunctions.

Hybrid bilayer heterojunctions are studied in Chapter [§] where the heterojunctions are built
up from P3HT and silicon or 6H-SiC. In both cases the band alignment is derived from the
current-voltage characteristics. Furthermore, the photovoltaic properties of the heterojunctions
are analyzed.

In Chapter [7] the results are summarized and an outlook is given.

14



2 Physics of Semiconductor
Heterojunctions

This chapter presents a review of the basic physics and properties of semiconductors and semi-
conductor devices which are relevant for this work. Besides an overview of the characteristics
of organic semiconductors and inorganic nanocrystals, semiconductor junctions will also be dis-
cussed. Furthermore, starting from the case of a metal-semiconductor junction, semiconductor-
semiconductor junctions, including hybrid organic-inorganic heterojunctions, will be reviewed.
Finally, solar cells and the photo-induced charge generation therein will be the focus of the last

section.

2.1 Semiconductors

In addition to the well-known inorganic semiconductors, such as silicon, organic semiconduc-
tors as a new class of semiconductors have been developed during the last decades. The unique
properties of these organic semiconductors will be described in Subsection 2.1.1] However,
also silicon nanocrystals exhibit some interesting properties which differ from the bulk silicon
properties and will be discussed in Subsection

2.1.1 Organic semiconductors

Organic semiconductors can be separated into two classes, which are small molecules and poly-
mers. Semiconducting small molecules, such as pentacene, are typically evaporated in an ul-
tra high vacuum system. Semiconducting polymers, for instance poly[p-phenylene vinylene]
(PPV), are made soluble with various side groups and are processed from solution, as evapora-
tion of the polymers would decompose them. Mostly polymers were used for this thesis, hence,
mainly the properties of semiconducting polymers will be highlighted below. Furthermore, as
the semiconducting polymers are used for heterojunctions and solar cells in this thesis, espe-

cially the optical and electrical properties of semiconducting polymers will be highlighted.
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2. Physics of Semiconductor Heterojunctions
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Figure 2.1: (a) Ethene is the most simple example of a conjugated m-electron system with o -

«
|
Energy

and m-bonds. (b) The scheme shows the energy levels of a m-conjugated molecule. The lowest
electronic excitation is between the bonding m-orbital and the antibonding w*-orbital. From
Reference |BriiO8b].

The semiconducting character of organic semiconductors stems from conjugated 7-electron
systems, which are built up from the p,-orbitals of sp>-hybridized carbon atoms as shown in
Figure[2.1|(a) for the example of an ethene molecule. The optical absorption in semiconducting
molecules, which is shown schematically in Figure [2.1] (b), takes place via the excitation of
electrons from the bonding to the antibonding orbital of the conjugated 7-electron system. The
bonding m-orbital is the highest occupied molecular orbital (HOMO) of a conjugated molecule,
while the antibonding 7*-orbital is the lowest unoccupied molecular orbital (LUMO). As the
difference of the HOMO to the LUMO energy level is typically in the range of 1.5 —3 eV
[BriiO8b], the electronic excitation with light in the visible and the near ultraviolet spectral
region is possible.

The electron-hole pair, which is created after light absorption, is strongly bound, in contrast to
inorganic semiconductors, and localized on one single molecule. Thus, the exciton is a Frenkel
exciton with a typical binding energy of about several hundreds of meV for polymers [BriiO8b,
Cam96, Alv98|]. When comparing this value to the thermal energy at room temperature of
about 25 meV it is obvious that the absorption of light does not create free charge carriers in
organic semiconductors. Furthermore, the diffusion length of such excitons in polymers is,
with only several nanometers, very small [BraO8]. Also in inorganic semiconductors excitons
do exist, but they are much more delocalized and, due to the higher relative permittivity of
& ~ 12 for silicon compared to €& =~ 3 for organic semiconductors, the Coulomb attraction is
reduced. Thus, excitons in crystalline silicon have a binding energy of only about 10 meV
and dissociate at room temperature. In contrast, in organic semiconductors, which are also

referred to as excitonic semiconductors, excitons do not dissociate at room temperature, which
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2.1. Semiconductors

has important consequences for applications. For example, to create free charge carriers in
organic solar cells, a bicontinuous blend of two organic semiconductors is produced. At the
interface of the two materials the excitons can be dissociated if the band offset is larger than the
exciton binding energy. However, it should be noted that, in spite of the high exciton binding
energy, also semiconducting polymers show photoconductivity as excitons can be dissociated
by defects or impurities [Rey06].

Analogous to inorganic semiconductors, the mobile charged states in organic semiconductors
which are responsible for the current are electrons and the holes. However, organic semiconduc-
tors are van der Waals bonded solids, implying a considerably weaker intermolecular bonding
as compared to covalently bonded inorganic semiconductors. As a consequence, the electronic
wavefunctions are less delocalized among neighboring molecules. This has direct implications
for the charge carrier transport, as the electronic interaction between adjacent molecules is quite
weak [BriiO8al]. Furthermore, one has to bear in mind that transport of electrons or holes in or-
ganic semiconductors involves ionic molecular states. E.g. when there is an additional electron
in the molecular solid, by injection or by photo-generation, this electron creates a negatively
charged radical anion M~ out of a neutral molecule M. Such an additional electron can then
move from one molecule to the next and the charged molecule always polarizes the surrounding
molecules. This electronic polarization follows the movement of the charge instantaneously
[Sch05]. That is why the negative and positive charge carriers are usually termed negative and
positive polarons, respectively. In addition, a polaron has a strong electron-phonon coupling and
the additional charge is altering the configuration of the molecule. In organic semiconductors
the electron-phonon interactions are comparable to the electronic interactions, in contrast to co-
valently bound inorganic semiconductors [Cor(7]. The negative polarons occupy polaron levels
inside the forbidden band near the LUMO of the molecules, while the positive polarons occupy
polaron levels near the HOMO. Upon increasing of the polaron density, the energetic distance
between the polaronic bands of the positive and negative polaron and the HOMO and LUMO,
respectively, decreases and the polaronic bands occupy the HOMO and LUMO [Mol04]. Nev-
ertheless, at low polaron densities the energy lowering due to the polarization can reach in some
polymers, such as polythiophene, several hundreds of meV. In such a case the charge carrier
forms its own trap state on the polymer chain, which is called self-trapping [BriiO8a, MolO4].
Furthermore, locally varying polarization energies due to different molecular environments in
polymer solids lead to a Gaussian density of states for the distribution of transport sites as
shown in Figure The width of the Gaussian density of states in amorphous organic solids
is typically in the range of about 200 meV [Brii08a]. Thus, the band tails resemble those of

amorphous inorganic semiconductors.

Depending on the degree of order, the charge carrier transport mechanism in organic semi-
conductors can fall between two cases, either band or hopping transport. Band transport is

typically observed in molecular crystals, reaching a mobility, u, of about 1 — 10 cm?/V's, which
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Figure 2.2: Energy levels of a molecular crystal and an amorphous organic semiconductor. The

width of the Gaussian density of states in amorphous organic semiconductors is typically in the

range of 200 meV [Brii08a].

is about two orders of magnitude lower as in inorganic semiconductors, where e.g. electrons
in crystalline silicon reach mobilities of about 1000 cm?/Vs. In unordered organic solids, for
instance polymers, the mobility is even lower than in molecular crystals, about 1073 — 107>
cm?/Vs [BriiO8b]. This is mainly due to the hopping transport from one polymer chain to the
next and also due to the intramolecular hopping from one 7-conjugated region to the next on the
same polymer. The mobility depends on the temperature, where the hopping transport increases
with increasing temperature. Furthermore, the mobility increases with increasing electric field,
which is also observed for other disordered materials, as the energy barriers are decreased in the
direction of the electric field [Blo97]]. An additional parameter influencing the mobility is the
charge carrier density: At low charge carrier density most of the charge carriers are localized,
thus the effective mobility is low. With increasing charge carrier density the localized states

will fill up and the mobility increases [BriiO8bl].

Besides the hopping transport processes between strongly localized molecular states, polarons
can be trapped by additional states in the gap between the HOMO/LUMO level distributions.
For such trap states several sources exist: Impurities, due to the incorporation of molecules of
another species, which have another HOMO/LUMO position lying in the energy gap, will form
trap states. Structural imperfections will lead to a fluctuating conjugation length which will
broaden the distribution of the HOMO/LUMO levels. The states in the tail of this distribution
will form trap states if the distribution is broad enough. Furthermore, structural defects occur

with enhanced probability at grain boundaries in polycrystalline layers, resulting in discrete trap
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states in the gap [BriiO8a]. In addition, forbidden states in the middle of the band gap can also
be added to allow for dangling bond groups such as chain ends [Mol04].

Another interesting point is that certain polymers, such as poly(3-hexylthiophene) (P3HT), form
a microcrystalline structure due to their self-organizing properties. Such a process is critically
affected by the regioregularity, the impurity concentration, the molecular weight, and the choice
of the solvent. For a solvent with a high boiling point the polymer has more time to form a mi-
crocrystalline structure by better chain alignment. This leads to stronger interchain interactions
resulting in reduced polaronic relaxation energies and improved mobilities. Depending on the
mentioned parameters, variation of the mobilities by several orders of magnitude are possible
[Cha04, Ho07, [Cho04]].

One disadvantage of organic semiconductors, compared to inorganic semiconductors, is degra-
dation and the bad long term stability. Under ultraviolet illumination chemical bonds in poly-
mers break up and oxidization occurs, so called photo-oxidization. The oxidization creates more
deep traps in the polymer which leads to a reduction of the charge carrier mobility [Pac06]. To
avoid oxidization, it is necessary to process the organic semiconductors under inert gas at-
mosphere. Nevertheless, also under argon atmosphere a slow degradation takes place, which

increases with higher temperature and illumination intensity [PadO1]].

However, providing a good encapsulation, semiconducting polymers have the large advantage,
compared to inorganic bulk semiconductors, that they can be deposited from the liquid phase.
This facilitates a low-cost and high throughput fabrication of devices. For large scale applica-
tions an inkjet printing process would be preferable. However, inkjet printing is not trivial due
to the requirement of accurate placement, problems with the wetting of the nozzle plate, and
adhesion properties of the substrate [Loo0O8]]. Other ways to produce polymer layers, which are
mainly used in research labs and also were used in this work, are spin coating or simple drop

casting of the polymer solution.

2.1.2 Semiconductor nanocrystals

Semiconducting inorganic nanocrystals with their typical diameter smaller than 100 nm have
interesting properties, placing them between volume semiconductors and molecules. Equal to
the volume semiconductors, they have an ordered crystal structure. On the other side, due to the
small size, various properties, for instance the electrical transport, are quite different to volume

semiconductors.

A large variety of semiconductors have been used for the growth of nanocrystals. Many of
the group II-VI semiconductors, as e.g. CdSe, have been synthesized very controlled via wet-
chemical processes [Pen01, (Gap98]. However, often nanocrystals contain heavy metals such

as Pb or Cd. Thus, for large scale applications as solar cells, silicon would be the preferred
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choice as it is a non-toxic material and naturally abundant. Silicon nanocrystals, which will
be discussed in more detail in Subsection [3.1.3] have already been produced via a gas phase
process with a narrow size dispersion [Nis02, [Kni0O4]. Furthermore, silicon is one of the best
studied materials available, facilitating the investigation of combinations of silicon with less

investigated materials such as polymers in hybrid organic-inorganic devices.

One big advantage of semiconductor nanocrystals is that printable nanocrystal dispersions can
be easily produced and thus potential low-cost methods, as ink-jet printing, can be used to form
thin semiconducting films. However, compared with bulk semiconductors, the inter-particle
properties will dominate the quality of films made of nanocrystals. Thus, the interface con-
ditions and defects have to be taken into account when working with nanocrystals. In partic-
ular the electronic transport of a nanocrystal layer will be dominated by the exact interface
properties. In the literature, the transport between silicon nanocrystals has been described by
hopping processes, nevertheless the conduction properties of semiconductor nanocrystal layers
are strongly dependent on the actual processing conditions [Raf06, [LecO8a]. For nanocrystals
which are produced via colloidal chemistry, the aggregation of the nanocrystals is hindered by
organic molecules which surround the nanocrystals. These molecules are typically not conju-
gated and, thus, form an isolating layer which will be a tunneling barrier for charge carriers. A
similar problem for the charge transport is the oxidization of the nanocrystals, where the oxide
also forms a barrier. In addition, even without any barrier, defects at the interface act as trap

states and recombination centers and can significantly reduce the transport properties.

A further point which should be mentioned, and which changes the properties of nanocrystals
compared to the bulk, is quantum confinement. When the size of a nanocrystal is so small that
the quantum mechanical confinement energy of electrons and holes exceeds the thermal energy
kT, the observed behavior changes from bulk-type towards zero-dimensional. For nanocrystals
smaller than typically 5 nm, this effect leads to an effective increase of the bandgap [Del93,
Led00, Gap9s]].

2.2 Semiconductor junctions

2.2.1 Metal-semiconductor contacts

Metal-semiconductor contacts have been studied extensively because of their importance in
semiconductor devices, both as rectifying and as ohmic contacts. However, in this subsection
mainly the rectifying Schottky contact will be discussed, as it is a model system for ideal and

real semiconductor contacts.
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Theory of the ideal Schottky contact

The basic theory for the Schottky contact was formulated by Schottky in 1938, who proposed
that the potential barrier at the metal-semiconductor contact arises from stable space charges
in the semiconductor [Sch38]. When joining metals and semiconductors with different work
functions, charges will be transfered until a common Fermi level is established in thermal equi-
librium. Thus, for a metal and a semiconductor brought into contact, the work functions of the
metal, ®y, and of the semiconductor, Pgc, are important. For the case of a metal and a n-type
semiconductor with ®y; > dgc and without any surface states, electrons will move from the
semiconductor to the metal. As a consequence of the charge transfer, in the semiconductor a
space-charge region, in which all donors are ionized, builds up. This is shown in the scheme of
Figure @], where a metal and a n-type semiconductor is shown before (a) and after contact (b)
. The width W of the space charge region is

W = %, 2.1

eND

with the build-in potential V;,; = é (dym — Pse), the elementary charge e, the vacuum permittiv-
ity &, the relative permittivity &, and the donor impurity concentration Np [SzeO7l]. The size of
the space-charge region can reach from few nanometers for Np = 10'?cm 3 up to the m-range
for Np < 103cm™3, while the electrons in the metal have a penetration depth of typically a few
angstrom, given by the Thomas-Fermi screening. The barrier that electrons have to overcome
to be injected into the semiconductor conduction band, the so-called Schottky barrier, is

1

with the electron affinity & of the semiconductor. Such a metal-semiconductor contact with an
energy barrier e@g, >> kg'T acts as a rectifier, a so called Schottky diode. For a positive applied
potential at the metal side, the forward direction, electrons are injected from the semiconductor
to the metal as the build-in potential V}; is decreased. For a negative bias at the metal, the re-
verse direction, electrons cannot move from the metal to the semiconductor due to the Schottky
barrier ¢p,. For a p-type semiconductor with ®gc > Py the barrier for hole injection into the

semiconductor is, analogous to the n-type semiconductor Schottky barrier:

1
98p = (Egap —Pu &) (2.3)

For the latter case of ®gc > Py, the metal-semiconductor contact is only rectifying for a p-type
semiconductor, while for a n-type semiconductor the contact would be ohmic. For the opposite
case, Py > Pgc, the contact is ohmic for a p-type semiconductor and rectifying for a n-type
semiconductor.
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Figure 2.3: Energy band diagrams of a metal and a n-type semiconductor whith ®y; > Pgc
separated (a) and in contact (b). A detailed explanation of the symbols is given in the text.

Thermionic emission

The current transport in metal-semiconductor Schottky diodes is mainly due to majority car-
riers, in contrast to p-n junctions, where the minority carriers are responsible for the current
transport. For Schottky diodes several mechanisms for the current transport exist, e.g. emis-
sion of electrons over the barrier into the metal, quantum mechanical tunneling of electrons
through the barrier, recombination in the space-charge region, diffusion of electrons in the de-
pletion region, and hole injection from the metal. For Schottky diodes with moderately doped
semiconductors, e.g. doped silicon with Np < 10"7¢m—3, operated at room temperature, the
dominant transport process is emission of electrons from the semiconductor over the potential
barrier into the metal [Sze07]. For more heavily doped semiconductors the tunneling current
may become more significant. For highly doped semiconductors with Np > 10%cm™3, the
space charge region is thin enough that only tunneling dominates, while in the intermediate re-
gion with 107ecm=3 < Np < 10%cm—3, both mechanisms, tunneling and thermionic emission
are involved in the transport [Pan66, [Sch84l]. Thus, for common moderately doped semicon-
ductors, the transport can be adequately described by the thermionic emission theory. In this
theory the effects resulting of drift- and diffusion processes are neglected and the current flow
depends solely on the barrier height. The total current is given by the diode equation [Sze07]]

=1 [exp (n;BVT> _ 1} , 2.4)
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2.2. Semiconductor junctions

with the current /, the reverse saturation current Is, the applied voltage V, and the Boltzmann
constant kg, and the ideality factor n. The reverse saturation current /g is defined by

Is = AA* T2 exp [ — <80 25
S Xp ( kBT ) ( )
where A is the area of the diode and A* is the effective Richardson constant for thermionic
emission, neglecting the effect of optical-phonon scattering, given by

*7,2
_ dmem” kg

A 3

(2.6)
Here, m* is the effective mass of the charge carrier and 4 is the Planck constant. For free
electrons (m* = m) the Richardson constant is 120 A/cm?K? [Sze07].

The barrier height of a metal-semiconductor contact can be measured, besides activation energy,
capacitance-voltage, and photoelectric methods, by current-voltage characteristics. For the lat-
ter method, when the saturation current is obtained by fitting of the measured current-voltage

characteristics, the barrier height can be obtained from the equation:

kgT AA*T?
P = — ln( ) 2.7)
e IS

which follows from Equation [2.5]

Real Schottky contacts with inorganic semiconductors

The barrier height of the Schottky contact should be proportional to the work function of the
metal, as can be seen from Equations[2.2)and[2.3] However, the dependence of the work function
found in experiments is much weaker due to non-ideal interfaces [Cow63, |Sch84)]. Thus, in

reality, a couple of variations to the described ideal Schottky contact exist.

One possibility for a deviation of the ideal behavior is a surface dipole at the interface. A surface
dipole can build up e.g. due to adsorbed molecules. Furthermore, for compound semiconduc-
tors, such as silicon carbide, the elements have different values of the electronegativity which
leads to a surface dipole. Such a surface dipole introduces a potential step at the interface and,
hence, changes the Schottky barrier.

A further change of the height of the Schottky barrier can be introduced by surface states at the
semiconductor surface. Dangling bonds, which are unsaturated bonds, are an example for such
surface states. For group-1V elements, such as silicon, these dangling bonds lie in the middle
of the bandgap [Sze(07]]. Dangling bonds can capture charge carriers which results in a pinning
of the Fermi level in the middle of the energy gap and in a surface band bending. In such a
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case, the barrier height of the Schottky barrier is independent of the work function of the metal.
Surface states in the bandgap can also be generated by the contact to the metal, where the tail
of the electron wave function of metals forms surface states, so-called metal induced gap states
[He165]. Such metal induced gap states, which not necessarily have to lie in the middle of the

bandgap [Ier85], pin the Fermi level similar to other surface states such as dangling bonds.

A further effect, the image-force lowering, also known as the Schottky effect, can reduce the
Schottky barrier height. Here, electrons in the semiconductor near the metal surface induce
a positive mirror charge in the metal. This creates a potential in the semiconductor which is
superimposed with the Schottky barrier and lowers the height of the barrier [SzeO7)]. Finally,
for certain metal-semiconductor combinations, a thin isolating layer, e.g. an oxide, can form.
Charge carriers have to tunnel through this so-called Mott barrier, which reduces the current

significantly.

Metal-semiconductor contacts with organic semiconductors

For metal-semiconductor contacts with doped organic semiconductors, the theory as discussed
above can be applied, including the band bending in the semiconductor. However, for typical
organic semiconductors, one can assume that band bending will not occur, as organic semi-
conductors are not intentionally doped and have a significant bandgap and thus have only few

charge carriers which could contribute to a band bending [SekO1].

At the organic-metal interface especially dipoles can have a large effect on the band alignment.
In Figure [2.4] the influence of interface dipole formation on the energy band diagram is illus-
trated. For the formation of dipoles at the organic-metal interface chemical reactions are one
possible reason [Ish99]. Thereby it makes a large difference if the metal is deposited on the
polymer or the other way round [Bra0O8]. When metals are deposited on conjugated materials,
the formation of covalent bonds between metal and carbon atoms changes the hybridization of
those carbon atoms, e.g. from sp? to sp>, and thus, the 7-conjugation is broken at these sites.
The metal-carbon bond leads to a redistribution of the charge density and often the metal atoms
become positively charged as electrons are transferred to the organic part. Consequently, inter-
face dipoles are formed at the metal-on-organic interface [Kon95, [Ett97]]. However, depending
on the amount of impurities in the organic layer, which react with the evaporated metal, surface
states with large dipole densities can lead to a change in the potential ranging from +0.5 eV to
-0.5 eV [Ett97]]. On the other hand, several studies have demonstrated that an interface dipole
can also appear when depositing the organic material on a metal surface [Yan02, Ren05]]. Apart
from that, for the case of Mg and the molecule tris(8-hydroxyquinoline)aluminum (Alg3), even
when the morphologies of metal-on-organic and organic-on-metal interfaces are quite differ-
ent, as the metal evaporated on the organic layer penetrates the organic matrix, both contacts

produce identical electrical characteristics [[KahO3]].
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Figure 2.4: Sketch of the impact of the formation of an interface dipole on the electronic levels

at the metal-organic semiconductor interface.

In addition to interface dipoles, chemical reactions of the organic layer with the metal can also
introduce interface states in the organic layer that pin the Fermi level. In contrast to metals, for
indium tin oxide (ITO) such a behavior is more pronounced, and an upward shift of the HOMO
and LUMO relative to the Fermi level has been observed [Pei100, Pei03]. Fermi level pinning
was also found by Tengstedt et al. [Ien06]] for conjugated polymers, e.g. P3HT, where the Fermi
level of the metal substrate and the positive polaronic level of the polymer align, whenever the
metal Fermi level is below the energy level of the positive polaron. Only for metal Fermi levels
above the positive polaron energy level vacuum level alignment takes place. The observation
is rationalized by the assumption of an electron transfer from the polymer into the substrate.
This creates a positive polaron in the polymer for metals with Fermi levels below the positive
polaron energy level, which results in dipole-induced potential steps as large as 2.1 eV. Such an
alignment of organic semiconductors under the creation of a positive or negative polaron due to
charge transfer and subsequent pinning of the polaron level to the Fermi level is also described
by Braun et al. [BraO9]. There, only for substrate work functions lying between the polaron

states of the organic semiconductor vacuum level alignment has been observed.

Furthermore, during metal evaporation, a significant diffusion into the organic layer has also
been observed, depending on the deposition rate of the metal and the substrate temperature
[Due02, SekO1]. Finally, mirror charges can also have an influence on the energetics of the
organic-metal interface, in which the effect is larger than in inorganic semiconductors as the
relative permittivity is smaller [BriiO8al.
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Ohmic contacts

Ohmic contacts are required for every semiconductor device in order to pass current in and
out of the device. To produce such an ohmic contact with a very low resistance and a linear
current-voltage characteristics, various strategies do exist. One common way is to highly dope
the semiconductor near the interface to the metal. From Equation [2.1] it is obvious that for
very large donor concentrations Np the space charge region W becomes very small. Hence,
charge carriers can tunnel through the barrier. This approach is successfully used for inorganic

semiconductors [SzeQ7]].

Another strategy for ohmic contacts is to achieve a low contact barrier height. Thus, by
choosing an appropriate metal with a work function minimizing the energy barrier at a metal-
semiconductor interface one can achieve ohmic contacts. This is a well-known design rule in
organic semiconductor devices, in which low work function metals are used for electron injec-
tion and high work function metals are used for hole injection [She04]. In particular, if undoped

organic semiconductors are used this is the only way to make ohmic contacts.

2.2.2 Semiconductor-semiconductor junctions

The p-n junction, a bipolar contact from the same semiconductor with different doping types,
is of great importance in modern devices, e.g. in solar cells. Thus it will be described shortly.
Heterojunctions, which are junctions formed between two dissimilar semiconductors, will also
be highlighted here for inorganic heterojunctions, while organic-inorganic heterojunctions will

be the topic of the following subsection.

p-n junctions

When a n-type and a p-type semiconductor are in contact, electrons from the n-type semicon-
ductor flow into the p-type region and recombine with holes flowing into the n-type region. Due
to this diffusion current ionized donors and acceptors are left near the interface which form a
space charge region. Thus, a drift current builds up which is opposite to the diffusion current.
In thermal equilibrium both currents reach the same size and the Fermi levels of both semi-
conductors have the same energetic position. Such a process only can take place between two
materials with free charge carriers. The current-voltage characteristics of an abrupt p-n junction

is given by the Shockley equation, which is the ideal diode law [SzeQ7]:

I1=1I [exp <nli:T) — 1] , (2.8)
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where the ideality factor n, which is 1 <n <2, is n = 1 in the case without recombination and
n = 2 for complete recombination in the space-charge region. However, in reality the behavior
of solar cells still differ considerable from this model, as ideality factors of 3 to 4 are often
measured for industrial solar cells [[Bre09]. The reverse saturation current Is is defined, in

contrast to thermionic emission diodes, by:

2 2
_eDpni - eDyn;

Is = . 2.9
ST L,Np | LaNa 9

D, and D, are the diffusion coefficients of the minority charge carriers, n; is the intrinsic charge

carrier concentration, and Ly, and L, are the diffusion lengths of the minority charge carriers.

Heterojunctions

An ideal heterojunction is characterized by the offset AEcp of the conduction band edges and
AEvyp of the valence band edges. The offsets for the ideal heterojunction, neglecting e.g. inter-
face dipoles, are given by the electron affinity rule, thus for AEcg = A&. In addition, for bipolar
heterojunctions, which are also called anisotype heterojunctions, space-charge regions in the
doped semiconductors build up. The total built-in potential V4; is equal to the sum of the two
built-in voltages V;i; and Vyip. As at equilibrium the Fermi levels are equal, the total build-in
voltage is given by W = %|‘1>sc1 — ®go| [Sze07]. In Figure the energy band diagrams
for (a) two isolated semiconductors of opposite types and with different bandgaps and (b) their

idealized anisotype heterojunction at thermal equilibrium are shown.

The depletion widths W and W, of the two semiconductors are [SzeQ7]

2N a2 E1E Vi, 2Np1€1EVy;
W, — A2€1E2Vhi Wy = p1€1E Wi 7 (2.10)
eNp1(€1Np1 + €2Na2) eNa2(€1Np1 + €2Na2)

where Np; and Ny, are the donor and the acceptor densities, respectively, and € and & are the

relative permittivities of the semiconductors.

The description of the current-voltage characteristics of such a heterojunction can be greatly
simplified by assuming a graded junction where AEcg and AEyp become smooth transitions
inside the depletion region. With this assumption, the current-voltage characteristics exhibit
an exponential behavior as regular p-n junctions with the appropriate parameters in the reverse

saturation current /g:
2 2
S pu— .
LyoNa2  LpiNpi

(2.11)
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Figure 2.5: Schematic view of the energy band diagrams for (a) two isolated semiconductors
of opposite doping types and with different bandgaps and (b) their idealized anisotype hetero-

junction at thermal equilibrium.

Here, Dy and Dy, are the diffusion coefficients of the minority charge carriers, nj; and nj
are the intrinsic charge carrier concentrations, and L, and Ly, are the diffusion lengths of the

minority charge carriers.

However, for real heterojunctions similar problems as in metal-semiconductor contacts exist.
In particular, interface traps and dipoles have a large influence on the band alignment of two

semiconductors.

2.2.3 Hybrid organic-inorganic heterojunctions

The energy level alignment at the heterojunction interface is determined, as described in the
last Subsection [2.2.2] by the electron affinities, which determine the band offsets. For doped
semiconductors also space-charge regions build up due to a matching of the Fermi levels. Ad-
ditionally, effects such as interface defects or dipoles, which are described in Subsection [2.2.]
play an important role. Due to such effects the assumption of a vacuum level alignment at
the heterojunction can only be a first orientation. This also holds for organic-inorganic het-
erojunctions, which have been less extensively studied compared to metal-organic interfaces.

Nevertheless, a short review of the literature will be given in this Subsection.

The importance of the interface dipoles has been demonstrated by surface modifications of the
inorganic semiconductor for a TiO,/P3HT heterojunction solar cell. By chemical binding of

various molecules on the inorganic semiconductor the dipole at the hybrid interface could be
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tuned and, hence, also the open-circuit voltage could be varied by 0.25 V [GohO7]]. For the
evaporation of a semiconducting oligomer on a silicon substrate, an interface dipole-induced
potential step of 0.3 eV was only observed for p-type silicon but not for n-type silicon. For
this oligomer on ITO and Au substrates also dipole-induced potential steps of 0.2 eV and 1.1
eV, respectively, were observed, while the work function of the organic film stayed constant
[Pap06]. Additionally, a bend-bending of about 0.2 — 0.3 eV was observed in the silicon and
also in the organic layer, where the space-charge region was only several nanometer [Pap05|].
Thus, band bending can only be expected in organic semiconductors from molecules residing
in close vicinity of the interface, as only such molecules can take part in charge exchange.
Yet, band bending-like behavior has been demonstrated for lightly doped organic films, where
the doping can come from impurities left from the synthesis or is induced by the oxygen in
the atmosphere. Notably, properly purified organic materials that are protected from exposure
to the atmosphere do not show band bending-type behavior even for micrometer-thick films.
Hence, a flat-band situation in the interfacial region is expected [Bra09, [Ish99].

Furthermore, fundamental work on organic-inorganic heterojunction devices has been done by
Forrest et al. with the molecular semiconductor 3,4,9,10-perylenetetracarboxylic dianhydrid
(PTCDA) which was evaporated on n-type and p-type silicon [For84a, [For84b]. The doping
type of the silicon as well as the contact metal has been found to significantly influence the
current-voltage characteristics of the heterojunctions. The current-voltage characteristics was
described in terms of a combination of thermionic emission and space-charge-limited current.
At small voltages the thermionic emission over the potential barrier between the organic and
the inorganic semiconductor dominates, while for larger voltages the current is space-charge-
limited in the organic layer. The thermionic emission theory and the space-charge-limited cur-
rent model are discussed in detail in Subsections and2.3.4

2.3 Solar cells

In addition to state-of-the-art p-n homojunction solar cells made of silicon, also heterojunction
can be used for solar cell applications. For inorganic semiconductors both solar cell types
will be shortly discussed in Subsection [2.3.1] Organic solar cells are typically heterojunctions
where both semiconductors are mixed to form a so-called bulk heterojunction. This concept
will be highlighted in Subsection[2.3.2] Solar cells which deal with both, organic and inorganic
semiconductors, will finally be presented in Subsection [2.3.3]
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2.3.1 Inorganic solar cells
p-n junction solar cells and general solar cell parameters

The standard solar cells today are monocrystalline or multicrystalline silicon p-n junctions with
a market share of about 85% [Mil07]]. When a p-n junction is illuminated, photons are absorbed,
and the generated excitons dissociate at room temperature in silicon. The photo-induced mi-
nority charge carriers, both holes and electrons, diffuse inside the n-type and p-type region,
respectively, of the p-n junction. When reaching the build-in field, the minority charge carriers
cross the p-n interface and, under short-circuit conditions, a photocurrent in the reverse direc-
tion of the diode flows. Thus, the photocurrent Ip, has to be subtracted in the current-voltage
characteristics of the p-n diode from Equation

%
[=I [exp (nZBT) —1} ~ Ipp. (2.12)

The current-voltage characteristics of an ideal p-n junction solar cell is shown in Figure[2.6|(a) in

a linear and (b) a semilogarithmic diagram in the dark (black line) and under illumination (red
line). Under illumination the curve passes through the fourth quadrant and, therefore, power
can be extracted from the device to a load. In Figure [2.6] the short-circuit current, Isc, which
is equal to the photocurrent at V = 0, and the open-circuit voltage, Voc, which is equal to the
photovoltage at / = 0, are shown. Additionally, also the quantities I, and Vy,,, which correspond
to the current and voltage at the maximum power output, are drawn in the figure. The fill factor

FF is defined by
Vinlm

FF = :
Voclsc

(2.13)

which is the ratio of the maximum power output relative to the product of Vpoc X Isc and can
reach around 0.8 — 0.9 for good solar cells. The ideal conversion efficiency 1 of a solar cell is

defined as the ratio of the maximum power output to the incident power of the light A jop:

Vil Vocl
n=-2m _ pploCoc (2.14)
PLight PLight

From Equation [2.12] the open-circuit voltage can be derived by setting / = 0:

keT . (1]
Voo = BZ 1, <ﬂ+1). (2.15)
e IS

As the photocurrent is in a first approximation proportional to the illumination intensity, the
open-circuit voltage exhibits a logarithmic dependence on the illumination intensity. Further-
more, for a given photocurrent, the open-circuit voltage increases logarithmically with decreas-

ing saturation current. The short-circuit current, as can be seen from Equation [2.12] is equal to
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the absolute value of the photocurrent Isc = —Ipp at V = 0. The highest reported small area cell
efficiency for crystalline silicon is 25.0% as reported by Zhao et al. [Zha98, |Grel0]], which is
not too far from the calculated maximum efficiency of about 30% for a material with a bandgap
of 1.1 eV [Sho61]].

(a) I 4 (b) log(/) %
dark

lluminated

lluminated

| =

Figure 2.6: Current-voltage characteristics of an ideal p-n junction solar cell (a) in a linear and
(b) in a semilogarithmic plot in the dark (black line) and under illumination (red line). The

determination of the maximum power output is also indicated.

Solar radiation

The sun emits primarily electromagnetic radiation in the ultraviolet to infrared spectral range
with a maximum at about 500 nm. This can be approximated by a black body with a temper-
ature of 5800 K, resulting from a nuclear fusion reaction. The intensity of solar radiation in
free space at the average distance of the earth from the sun has a value of 1353 W/m?. The
atmosphere attenuates the sunlight before it reaches the earth’s surface, mainly due to reflection
and absorption in water vapor in the infrared and ozone in the ultraviolet, and scattering by air-
borne dust and aerosols. The degree to which the atmosphere affects the sunlight received at the
earth’s surface is quantified by the air mass (AM). The solar spectrum for AM1, representing
the sunlight at the earth’s surface when the sun is at zenith, is shown in Figure However,
for terrestrial applications in moderate latitudes the AM1.5 spectrum, with the sun 45° above

the horizon, is a satisfactory average and has a total incident power of about 1000 W/m?.
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Figure 2.7: Solar spectrum for AM1. From Reference [WueQ0].

Inorganic heterojunction solar cells

For silicon, p-doping and n-doping is easily achieved. In contrast, for other materials, which
may have a higher absorption coefficient, this is not always possible. Thus, heterojunctions are
applied where the absorber layer is combined with an opposite doped semiconductor to form a
solar cell. An example for such a solar cell is the so-called CIGS solar cell with the n-type CdS
buffer layer and the p-type Cu(In,Ga)Se, absorber layer, where gallium replaces the indium
partially to increase the bandgap. Another example is a p-type CdTe absorber based solar cell
which also has a n-type CdS window layer [M1l07]. CdS has a large bandgap of 2.4 eV and thus
transmits most of the solar radiation. Hence, it acts as a transparent contact and is necessary
for the build-up of the space-charge region at the heterojunction which is responsible for the
charge extraction from the p-type material. As it is an electron conducting layer and must not
absorb photons, it is (with 10'7 cm™3) up to two orders of magnitude higher doped than the
absorber materials. Furthermore, due to the direct bandgaps of the absorber layers, resulting
in high absorption coefficients, only a few micrometers of the p-type absorber layer are needed
and most of the photons are absorbed in the space-charge region of the absorber at the hetero-
junction interface. Dependent on the doping level of the absorber layer, the space-charge region
is typically in the range of half a micrometer, resulting in an efficient charge collection [Poo0O7]].
For inorganic heterojunction solar cells based on compound semiconductors, efficiencies of up
to 16.5% for CdTe/CdS solar cells [Wu02] and up to 19.5% for CIGS solar cells [Con03]] were
reported.

32



2.3. Solar cells
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Figure 2.8: Definition of (a) a cliff (AEcg > 0) and (b) a spike (AEcg < 0) in the alignment of
the conduction bands at the CdS/CdTe interface. From Reference [Poo0Q7].

The relative alignment of the energy bands at the heterojunction is crucial for the performance
of the heterojunction solar cells. The important parameter is the conduction band offset AEcg.
This will be discussed for the case of CdTe/CdS solar cells: If AEcg is too large, there is a
"cliff" in the band diagram with the conduction band of CdTe above the conduction band of
CdS at the junction, resulting in a decrease of the open-circuit voltage. On the other hand, if
AEcp is negative, there is a "spike" in the band diagram with the conduction band of CdS above
the conduction band of CdTe at the junction. Such a barrier decreases the short-circuit current.
These two cases are shown in Figure [2.8] (a) and (b). The differences are due to different
electron affinities and space-charge regions in the CdS. The mismatch is not too critical as a
value of |AEcg| < 0.3 eV can be tolerated. However, there is much scatter in the offset values
reported in the literature [PooQ7].

For CdTe/CdS an ohmic back contact is a problem as CdTe can not be highly doped, leading
to a Schottky barrier at the CdTe/metal interface that points in the opposite direction as the
solar cell heterojunction. Thus, the current-voltage characteristics can be described by a two-
diode model. Therein, for the solar cell junction an ideal Shockley law is assumed and the back
contact is described by thermionic emission. The two diodes are in series, hence the current

through the contact and the junction is the same, while the voltages are summed [[PooQ7].

2.3.2 Organic solar cells
In recent years, the development of thin film plastic solar cells has made significant progress.

As organic polymer solar cells can be processed at room temperature and without high vacuum

conditions, this makes them an interesting alternative to inorganic solar cells. The most efficient
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solar cells are made from polymer-fullerene bulk heterojunctions. Nevertheless, also organic
bilayer heterojunction solar cells will be highlighted.

Mechanisms of charge generation in organic solar cells

As already described in Subsection[2.1.1] one big difference of organic semiconductors, as com-
pared to inorganic semiconductors, is that the exciton binding energy is much larger. Hence,
excitons can not be dissociated by thermal energy at room temperature nor by the electrical
field of a drift solar cell. For the dissociation of the Frenkel excitons heterojunctions are used,
where the band offsets are larger than the exciton binding energy. Such a heterojunction and
the relevant processes of an organic solar cell are shown in Figure 2.9} The absorption takes
place in this example in the electron donor, as the semiconductor is called from which electrons
are extracted, while the electron receiving semiconductor is called an acceptor. For standard
fullerene-polymer solar cells the polymer acts as a donor and is also the main absorber of the
solar radiation. Directly after the absorption an exciton is created, which either recombines or
diffuses to the heterojunction interface. Additionally, a small fraction of excitons is dissociated
at impurities and defects in the organic semiconductor. When the exciton reaches the interface,
it can be dissociated in a free electron and hole via a so called charge-transfer state where the
electron and hole still are weakly bound. The prerequisite for the dissociation is that the ener-
getic difference between the LUMO of the donor and the LUMO of the acceptor is larger than
the excitonic binding energy. Furthermore, the HOMO of the acceptor has to lie energetically
below the HOMO of the donor, as otherwise the complete exciton would be transferred in an
energy transfer process. Following the dissociation, the electron is transferred to the cathode
and the hole to the anode via hopping processes [Bra08, Mol06].

Organic bilayer heterojunctions

The most basic way to realize an organic solar cell is a layer system built up from two organic
layers deposited on each other with a flat interface. This concept is called a bilayer heterojunc-
tion [HopO4b]. The ideal structure consists of each an electron donor and an acceptor, which
have a band offset large enough to dissociate excitons. With such a structure, already 1986 an
efficiency of 1 % was achieved [Tan86]. The semiconductors can both be evaporated or, after
depositing the first layer from solution, only the upper layer can be evaporated [Ros00, Sar93]].
The processing of both layers from solution is difficult, as the solvent of the upper layer typically
dissolves the underlying layer. The evaporation process allows only molecules to be deposited,
as polymers would be destroyed during evaporation. The best reported efficiency up to now
i1s 4.2 % in a system made of copper phthalocyanine (CuPc), Cgg, and one additional exciton
blocking layer [Xue(04]. The current-voltage characteristics of that organic bilayer heterojunc-

tion could be described by a modified ideal diode equation which includes a series resistance

34



2.3. Solar cells

%@

Dissociation :

— Excito

Transport / @\ ;}Q\\

L e \ h
W%

[
| | | |
@ | Diffusion| |
Cathode I | | : ‘N\J
|
\

| |
| l
@/ \@/ Anode
v N @
@

R4

Transport

Acceptor Donor

Figure 2.9: Schematic view of an organic heterojunction solar cell where the absorption of
photons takes place in the donor. The processes in such a heterojunction, from the photon
absorption, exciton creation, exciton diffusion and dissociation, up to the charge transport to

the contacts, are indicated.

[Xue04]. However, a general problem for bilayer heterojunctions is the small interface between
the donor and the acceptor. Due to the small exciton diffusion length for organic molecules of
only several nanometers, this limits the efficiency, as only few excitons reach the interface and
can be dissociated [Peu03]].

Organic bulk heterojunctions

To overcome the limitation of a bilayer heterojunction, the small interface, the two organic ma-
terials can be mixed. Such a heterojunction is called a bulk heterojunction and provides an
enhanced interface area where excitons can dissociate [BraO1bl]. The intermixing of the donor
and the acceptor layer can be reached by two methods: The most common way is to dissolve
both organic semiconductors in the same solution and to use this mix to deposit the active layer
[Sar92! [Yu93|. After deposition, e.g. via spin-coating or drop-casting, the solvent evaporates,
leaving a close mix of the electron donor and acceptor. This procedure provides a large inter-
face but the morphology is not perfect, as often percolating pathways to the respective charge
extracting electrodes are missing [Hop06]]. For such solvent processed systems, there is a strong
dependence of the final morphology on the specific solvent used, the solvent evaporation time,
surface interactions, and post-production annealing [HopO4a, HopO4b]. The other way to fab-

ricate bulk heterojunctions is to structure one semiconductor on the nanometer scale before
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applying the other semiconductor to fill the structure. For such a structure the charge transport
to the electrodes should be facilitated while the large interface, the advantage of a bulk hetero-
junction, is maintained. However, the ideal structure size of about 10 — 20 nm is not easy to
realize in organic materials and up to now only structure sizes of about 200 nm have been re-
alized via nanoimprint lithography [KimO7]]. Here, inorganic semiconductors are promising, as
with inorganic mesoporous materials [[Coa0O3bl] or with inorganic nanocrystals [Gue(08] smaller
structure sizes can be realized, as discussed later on. In Figure @ (a) a disordered and (a) an

ideal ordered bulk heterojunction are shown schematically.

metal electrode (b) metal electrode

transparent electrode transparent electrode
substrate substrate

Figure 2.10: Schematic view of (a) a disordered and (b) an ideal ordered bulk heterojunction.

Applying the concept of the bulk heterojunction, internal monochromatic quantum efficien-
cies of up to 96% and external monochromatic quantum efficiencies of 70% can be achieved
[Sch02]. Thus, in spite of the small diffusion length in conjugated polymers of only a few
nanometers [Mar03, [Zho06]], due to the bulk heterojunction concept excitons can be separated
quite efficiently. The photo-induced charge separation takes place very fast with measured
transfer times of around 45 fs [BraOlc]. The maximum open-circuit voltage, V5&*, which can
be achieved in an organic solar cell can be approximated by the difference of the energy levels
of both organic semiconductors to V5&* = Eﬁ%lf,fo — Eiﬁﬁ,fg) " [BraOlal. For solar cells based on
P3HT and [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM), efficiencies of up to 5% were
achieved [Ma05, RR0OS. [Shr06]. The best organic bulk heterojunction solar cell to date achieves
a certified efficiency of 8.3% and has been developed by Konarka Technologies [Kon10]. Such
high performance solar cells typically use low-bandgap polymers and PCBM [Che09]. The
routes to a further enhancement of the efficiency of organic solar cells are a tuning of the donor-
acceptor interface by tuning the energy levels, the development of small bandgap polymers
and the creation of an ordered nanostructure with an appropriate domain size below 10 nm

[MayO7].

2.3.3 Hybrid organic-inorganic solar cells

Despite the achievements in the field of organic solar cells, inorganic semiconductors still have
several advantages: They possess a much broader absorption spectrum than organic semicon-

36



2.3. Solar cells

ductors, they can be doped to a specific n-type or p-type doping level, and they have a higher
mobility. In addition, to make solution processing also possible with inorganic semiconduc-
tors, one interesting approach are semiconductor nanocrystals which can be dispersed in an
appropriate solvent. This provides an easy processability and also allows for the use of size-
dependent band gap tuning of the nanocrystals [GueOS]]. Furthermore, it has been demonstrated
that impact ionization occurs with high efficiency in semiconductor nanocrystals, leading to car-
rier multiplication via the formation of several excitons for one absorbed high-energy photon
[SchO4]].

While preserving the advantage of solution precessing, hybrid organic-inorganic solar cells con-
taining inorganic semiconductor nanocrystals and organic semiconductors are promising for
several reasons: Due to the high surface to volume ratio of nanocrystals, a large interfacial area
to the organic counterpart can be realized. Thus, the size of the inorganic nanocrystals defines
the morphology of the bulk heterojunction. For this purpose, also the use of structured inorganic
semiconductors, on which the organic semiconductor is applied, is an interesting option to form
ordered bulk heterojunctions. Another advantage is the ability to engineer interfacial band
offsets and hence to modify the photovoltage due to functionalization of the inorganic semi-
conductor [HsulQ, GohO7], by different doping levels of the inorganic semiconductor [For84al,
or by tuning the bandgap of the inorganic semiconductor, e.g. by substitution of Mg into ZnO
[OIs07]. Concerning the absorption of the sun light, the spectral range of the absorption can
be enhanced in hybrid organic-inorganic solar cells due to the broader absorption spectra of in-
organic semiconductors compared to organic semiconductors. In organic solar cells fullerenes
contribute only to a small part of the total absorption, thus, the inorganic semiconductor should
replace the fullerenes in hybrid solar cells. In addition, the morphological stability in organic
solar cells is an issue, as under operating conditions a morphological degradation e.g. due to
growing fullerene domains takes place [HopO4b]. Thus, replacing the fullerenes in hybrid solar

cells will also enhance the morphological stability.

A schematic view of the working principle of a hybrid solar cell is shown in Figure 2.11] The
processes taking place in the organic donor are described analogous to organic solar cells in Fig-
ure[2.9] For the inorganic part, the main difference is the small exciton binding energy, allowing
the formation of free charge carriers at room temperature, in contrast to organic semiconduc-
tors. For the dissociation of excitons at the organic-inorganic interface, the offset between the
LUMO of the electron donor, Eﬁ%‘ﬁro, and the conduction band edge of the inorganic semicon-
ductor, Ecp, must be larger than the exciton binding energy. Additionally, to inhibit energy
transfer from the organic to the inorganic semiconductor and to allow for holes to be transferred
to the organic counterpart, the valence band edge of the inorganic semiconductor, Eyg, must be
energetically below the HOMO of the donor, Eﬁ‘g‘f,fo.
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Figure 2.11: Schematic view of a hybrid heterojunction solar cell. Absorption takes place both
in the organic semiconductor, which acts as an electron donor, and in the inorganic semiconduc-
tor, which transfers holes to the organic semiconductor. The processes taking place in a hybrid
heterojunction, from the photon absorption, photo-induced charge and exciton generation, ex-

citon diffusion and dissociation, up to the charge transport to the contacts, are indicated.

Hybrid bulk heterojunction solar cells

As for organic solar cells, also for hybrid solar cells the bulk heterojunction concept offers the
possibility to efficiently dissociate the excitons created in the organic part. For hybrid hetero-
junctions which are completely fabricated from solution, the range of the applied inorganic
nanostructures spans from nanocrystals over elongated nanocrystals, so-called nanowires, up
to branched nanocrystals [MilO5]. By using elongated nanocrystals a network is formed that
provides pathways for the charges, thus, a hopping transport from nanocrystal to nanocrystal is
avoided and band conduction is prevalent which improves the efficiency substantially [Huy02].
However, phase separation is, as in organic solar cells, still a problem. Thus, the approach of
an ordered bulk heterojunction is a promising route to increase the efficiency of hybrid solar
cells. To obtain structured inorganic semiconductors, one can either use porous semiconduc-
tors via etching [Lev04], grow nanowires on a substrate [[I'sa07l], or use mesoporous materials,
e.g. TiO, produced by a sol-gel process [Coa03al]. For the incorporation of polymers into such
nanostructures, several options doe exist, e.g. coating of the inorganic nanostructures with ap-
propriate molecules that facilitate the wetting of the nanopores or the heat treatment of the

polymer layer resulting in a filling of nanopores of 5 — 10 nm [[Coa03b].
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A schematic view of both types of hybrid bulk heterojunctions is shown in Figure 2.12] where
in (a) a heterojunction with nanoparticles is shown and in (b) an ordered bulk heterojunction
with a porous inorganic semiconductor.

(a) Transparent _ (°)
front contact
Organic
semiconductor

Inorganic
semiconductor

Metal back
contact

Figure 2.12: Schematic illustration of hybrid bulk heterojunctions with (a) incorporated

nanoparticles and (b) with an structured inorganic semiconductor.

A large variety of hybrid material systems for solar cell applications has already been inves-
tigated [GueO8|]: Typically a polymer, e.g. P3HT or poly(2-methoxy-5-(2’-ethylhexyloxy)-
paraphenylenevinylene) (MEH-PPV), has been combined with inorganic nanoparticles. Thus,
hybrid bulk heterojunction solar cells have been realized with nanoparticles of CdS [Gre96],
PbS [Gue07]], ZnO [Bee04]], TiO, [Bou07], and Si LiuQ9]]. The highest reported effi-
ciency of 3.1 % was achieved with branched CdSe nanocrystals and a low bandgap polymer
[Day10]. For P3HT/CdSe nanowire bulk heterojunctions 1.7 % have been achieved
which could be increased to 2.6 % [Sun06] by using a high boiling point solvent leading to the
formation of P3HT nanofibers.

For ordered hybrid solar cells with a porous TiO; filled with P3HT, efficiencies of 0.5 % have
been achieved [Coa03b]. An interesting approach to form nanoporous layers in TiO; is nanoim-
printing of an inorganic TiO; sol-gel precursor that has not yet dried [Goh05a, McG09]. In bulk
heterojunctions made of amorphous silicon, which was nanostructured by an etching step and
subsequently infiltrated with P3HT, efficiencies of about 0.3 % have been reported [Gow08].
For solar cells made of semiconducting polymers and silicon nanowires, produced by etching

of a silicon wafer or by growing via chemical vapor deposition, efficiencies of 0.01 —0.07 %
have been reported [Ale08, [Che(Q7].

The dye-sensitized solar cells, also known as Gritzel cells [O’R91]], which are prominent hybrid
organic-inorganic heterojunction solar cells, will not be discussed here, as the working principle
relies on dyes and an electrolyte, both of which is not used in this work.
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Hybrid bilayer heterojunction solar cells

For hybrid solar cells the bulk heterojunction concept is advantageous due to the large inter-
face. However, for the investigation of basic properties relevant for solar cells, such as the band
alignment, flat bilayer heterojunctions are more adequate, as the interface morphology is less
complex and the number of parameters is reduced. In addition, inorganic volume semiconduc-

tors can be used with well known properties.

An optimized band alignment in hybrid solar cells, either by molecular dipoles [GohO7] or by
optimization of the band offset by varying the band positions of the inorganic semiconductor
[OIs07] is important. Also the chemistry of the substrate surface plays an important role, influ-

encing the order of the polymer layer and thus changing the solar cell efficiency [HsulO].

Some work has been done on bilayer heterojunction solar cells made of a semiconducting poly-
mer and amorphous silicon: Already a high efficiency of 1.6 % has been reported, though this
results mainly from the underlying Schottky solar cell with doped amorphous silicon instead
of the hybrid heterojunction [Ale07]. More reliable is the value of 0.16 % for the efficiency
achieved by Gowrishankar ef al. with an amorphous silicon/P3HT heterojunction [Gow06].
Besides the electron transfer from the P3HT to the amorphous silicon they propose a second
contribution to the current via an energy transfer. Thereby excitons are transferred from the
P3HT to the amorphous silicon, followed by a back transfer of the holes to the polymer. The
energy transfer is described in the framework of the Forster energy transfer [For59)]. Such a
transfer is only possible if the bandgap of the polymer is larger than that of the semiconductor
and a spectral overlap between the photoluminescence of the polymer and the absorption of
the semiconductor exists, which is the case for amorphous silicon and P3HT. Thus, not only the
relative positions of the LUMO and the conduction band, but also of the HOMO and the valence
band are important for such a heterojunction. This was supported by comparison with the poly-
mer MEH-PPV which exhibited a significantly smaller solar cell efficiency due to lower hole
back transfer due to the lower HOMO of MEH-PPV as compared to P3HT. A Forster energy
transfer has also been used for hybrid bulk heterojunction solar cells to improve the efficiency
by introducing a further organic layer between a P3HT and a TiO; layer [Liu05].

2.3.4 Equivalent circuit

For the description of the current-voltage characteristics of a solar cell, an equivalent circuit
can be introduced. The ideal solar cell has a diode current-voltage characteristics, where a
constant-current source of photocurrent, Ipy, is in parallel with the diode. For a practical solar
cell, this ideal equivalent circuit will be modified to include the series resistance, Rs, for ohmic
losses in the connecting leads, the contacts and in the semiconductors. In addition, the shunt

resistance, Rgp, will be included to account for leakage currents, e.g. at grain boundaries or at
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the surface. The equivalent circuit should include Rg added in series with the diode, and Rgy,
added in parallel with the diode. The equivalent circuits for (a) ideal solar cells and (b) real solar

cells are shown in Figure [2.13| For steady-state measurements, as performed in this work, the
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Figure 2.13: Equivalent circuit diagrams of (a) an ideal solar cell and (b) of a real solar cell,

where the series resistance Rs and the shunt resistance Rsy, are considered.

capacitance can be neglected. Thus, considering the two resistances, the diode current-voltage
characteristics is modified to [WueOO]:

M—l) LY ERSE (2.16)

I=1Ig <exp kT "

This model for the current-voltage characteristics does not take into account any additional
conduction mechanisms. In particular, the space-charge-limited current (SCLC) mechanism,
which has a nonlinear current-voltage dependence and has been reported in a large variety of
organic and inorganic semiconductors and solar cells, is not taken into account [PalO6b]. The
SCLC is described in more detail below.

An ideal solar cell would have Rg = 0 and Rgj, — oo, while real solar cells differ from this which
changes the current-voltage characteristics and reduces the area of the current-voltage charac-
teristics in the fourth quadrant, which reduces mainly the fill factor and thus the efficiency.
Both, Rs and Ry, can be estimated from the current-voltage characteristics of a real solar cell
via the differential resistances at / = 0 and U = 0, respectively:

U U
ks~ (W),_o’ Rsn (W)U_o' @10

space-charge-limited current

The space-charge-limited current model describes charge transport in a low conductivity mate-
rial, where the concentration of injected charge may exceed the intrinsic charge concentration
and, thus, space charge builds up in the sample [RosS5, LamS6]. Investigations have shown

that bulk conduction in disordered semiconductors, e.g. in undoped conjugated polymers or in
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nanoparticle ensembles, is described well by the hopping transport of electrons and holes, tak-
ing into account space charge effects and traps of different depths [[Chi0O4, Raf05]]. The disorder

in such materials is well approximated by an exponential shape of the distribution of states:

N E
n(E) = Ezexp (_E) . (2.18)

Here n(E),E, N, and E; are the trap density of states, the energy, the total trap density and the
characteristic trap energy, respectively. E; is often expressed as a characteristic temperature 7

from E; = kgT;, where a larger 7; accounts for a trap lying deeper in the bandgap.

When applying a voltage to a semiconductor with an exponential trap distribution, three regions
can be distinguished, corresponding to ohmic, trap filling and space-charge-limited current: At
small voltages, where the conduction is due to the intrinsic thermally generated charge carriers,
an ohmic conduction with / =~V is observed. For intermediate voltages traps will be filled up
due to charge injection. A rapid increase in current with small increase in voltage is observed,
where a steep slope indicates a narrow distribution of gaps, while a low slope implies a extended
distribution. This region has a power law dependence of current density on the bias voltage
given by [Chi04, PalO6b]:

I = kscLcV™. (2.19)

Here, kscrc is related to the film thickness, trap distribution, and conductivity of the transport
path, where m = [+ 1, with m > 2 and [ = T; /T. When all traps are occupied by injected charge
carriers, the trap free space-charge-limited current region is reached, where a space charge
accumulates near the injecting electrode and limits the current. This behavior is described by
the Mott-Gurney law [Mot40]: ,
I = gé‘rgolvl%,
where (1 and d are the mobility and the thickness of the semiconductor, respectively. In Figure

(2.20)

[2.14] these three regimes of the current of a semiconductor with an exponential trap distribution

are shown in a double-logarithmic current-voltage plot.

Both in inorganic solar cells, such as CIGS [Tan03]], and in organic solar cells [Chi03a], SCLC
has been found to play an important role. Also in hybrid bulk heterojunction solar cells with
CdSe nanowires and P3HT SCLC has been observed, limiting the forward current of the diode,
where the onset of the SCLC is dependent on the metal contacts used for the solar cell [HuyO3]].
And in organic-inorganic bilayer heterojunctions at higher voltages also the SCLC limits the
current [For84a]. Furthermore, in organic semiconductors, such as P3HT [Nik03,!/Chi04], and in
inorganic nanoparticles, such as CdSe/ZnS nanocrystals [HikO3]] or silicon nanocrystals [RafO5}
Bur97]], SCLC behavior has been reported.
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Figure 2.14: Double-logarithmic plot of the current of a semiconductor with exponential trap

distribution where the ohmic, the trap filling, and the space-charge-limited current regimes are
indicated.

Modified equivalent circuit including space-charge-limited current effects

Generally, in organic solar cells, the electrical characteristics are essentially interface-dependent
under the low voltage regime, while they are bulk-dependent in the high voltage regime [Mol06].
In the high voltage regime, the current density varies with V™. This behavior is illustrated in
Figure [2.15] where the different regimes of the current-voltage characteristics of an organic
solar cell are shown.
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Figure 2.15: Typical dark current-voltage characteristics of an organic solar cell, where the
different voltage regimes are indicated. After Reference [Mol06].

To model the current-voltage characteristics of hybrid heterojunctions, the SCLC effect has to

be included. For this purpose, different approaches can be found in the literature: To describe
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the behavior of hybrid bulk heterojunction solar cells with CdSe nanowires and P3HT, Huynh
et al. include the SCLC effect by incorporating a quadratic voltage dependence I ~ V? in the
Shockley equation [HuyO3|]. However, with a quadratic term, only the trap-filled regime of the
SCLC is considered. Pallares et al. can successfully model the behavior of a solar cell made of
p-type amorphous silicon carbide on n-type crystalline silicon by inclusion of a SCLC term in
the general form of Equation [2.19] [Pal06b]. They separated the junction effects from the bulk
region effects by an equivalent circuit consisting of an ideal diode, accounting for the junction,
in series with a parallel combination of an ohmic resistance and a nonlinear SCLC resistance
term, accounting for the bulk effects. However, the parallel combination of the resistances is
not very plausible, as the current in the solar cell will be limited by the higher resistance and the
resistance due to SCLC enhances the total series resistance [Mol06]. Forrest et al. investigated a
hybrid heterojunction with doped silicon and a semiconducting molecule, which is described by
a thermionic emission diode at low voltages and by SCLC at higher voltages [For84al]. There,
the space-charge current is modeled by an effective voltage-dependent resistance which is in
series with the voltage-independent series resistance.
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Figure 2.16: The modified equivalent circuit diagram for a solar cell, where it is assumed that

space-charge-limited current (SCLC) effects mask the series resistance.

Similar to the discussed models, in this work we assume that the SCLC is the dominant series
resistance which comes into play at higher electric fields and outnumbers the ohmic resistance.
Hence, the ohmic term, Rg, can be neglected. Instead, a nonlinear SCLC resistance element is
included, which accounts for the SCLC transport. The resulting equivalent circuit diagram is
shown in Figure [2.16] With this modification, for a given applied voltage, V, a voltage drop at
the heterojunction, Vj, and a voltage drop in the bulk, Vg, takes place, with V. = Vj 4 V. For
Rspn, = o0 and without illumination, the applied voltage is given by:

1
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e IS k
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3 Materials

In this chapter the different semiconductors which are treated in this work will be described.
Particular attention will be given to the optical and electronic characteristics of the semiconduc-
tors. In the first Section 3.1} the properties of the inorganic semiconductors will be highlighted.
Besides the bulk inorganic semiconductors, crystalline silicon and silicon carbide, also sili-
con nanocrystals will be discussed. In the second Section the properties of the organic
semiconductors, poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-Cg;-butyric acid methyl es-
ter (PCBM), will be highlighted.

3.1 Inorganic semiconductors

3.1.1 Silicon

Approximately 26 % of the earth’s crust consists of silicon, where it can be found bonded to
oxygen as silica and silicates [Bin99]. It is the principal component of most semiconductor
devices, such as microchips or solar cells. E.g. the market share for crystalline and multicrys-
talline silicon solar cells was about 90 % in 2007 [MilO7]. The silicon bandgap of 1.12 eV
at room temperature [Sze(Q7|] is near the optimum bandgap, as calculated from Shockley and
Queisser in 1961 [Sho61]]. This fact, together with the availability of silicon, the sophisticated
production technology, and the high level of knowledge, prevails the disadvantages of silicon
for solar cells, in particular the high costs of bulk crystalline silicon and the low absorption co-
efficient. The low absorption coefficient of silicon is due to the fact that crystalline silicon is an
indirect semiconductor. The absorption coefficient of crystalline silicon is shown in Figure
as the dashed line.

For heterojunctions with silicon, the energetic positions of the valence band and conduction
band edges relative to the vacuum level are important to determine the band offsets, as described
in Subsection For the electron affinity, &, of silicon the value of 4.05 eV can be found in
the literature [SzeQ7, Iof10, Lev96|]. By adding 1.12 eV [Sze(7] for the bandgap to the electron
affinity, the distance of the valence band maximum to the vacuum level can be calculated to
5.17 eV.
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Figure 3.1: Absorption coefficients of crystalline silicon and 6H-SiC. From References [Das55,
Hul99] and [Phi60], respectively.

For the fabrication of hybrid heterojunctions, silicon wafers with eight different doping levels
and types were used in this work. In Table [3.1]the doping properties of the different wafers are
summarized. Additionally, the distances of the Fermi levels, Ef, of the doped silicon wafers
relative to the intrinsic Fermi level, E;, of undoped silicon in the middle of the bandgap at room
temperature are given [Sze07]]. The silicon wafers had a thickness in the range of 360 — 525 pum,
and all but the n™~-Si wafer (111) had an orientation of (100). All silicon wafers were produced
by the Czochralski process and were polished on the side on which the P3HT was deposited.
The energetic positions of the band edges and the Fermi levels are summarized at the end of

this chapter in Figure 3.8

3.1.2 Silicon carbide

Silicon carbide is a group-1V compound semiconductor which is used in various semiconductor
devices, e.g. in diodes [Mat91] or transistors [Pal93]]. It has a good temperature stability and,
hence, is used particularly in high power devices. Additionally, as silicon carbide is, after
diamond, the second hardest material, it is also used as abrasive. Due to the different values
of the electronegativity, ¥, of silicon with ¥ = 2.55 and carbon with ¥ = 1.9 on the Pauling
scale, the Si-C bond has an ionic fraction, resulting in a polar silicon carbide crystal. The
binding energy of Si-C with 3.1 eV is higher than for Si-Si with 2.35 eV, leading to very stable
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Type Doping element Specific resistance Dopant concentration Er —E;

(Qcm) (cm™3) (£0.05eV)
nt Sb 0.01 —0.02 4-9x10'8 0.55
n P 03—1.5 3x 10 -2 x 10" 0.35
n- P 14—23 2-3x 10 0.25
n-- P 3000 — 6000 7 x 101 — 1.5 x 1012 0.10
P B 75—-95 1.5-2.5x10" -0.25
P B 45-6 2-3x 101 -0.35
p B 0.1—1 1.5% 100 —1 x 107 -0.40
pt B 0.01 —0.02 4—-9x10"8 -0.50

Table 3.1: Summary of the different silicon wafer types used in this work. The physical prop-

erties are valid for room temperature.

Si-C bilayers [S1e02]. For silicon carbide, due to different stacking sequences of the Si-C
bilayers, various polytypes can build up. Already more than 250 polytypes have been reported
in the literature [Fis90]. Additionally, for hexagonal polytypes the surface can be distinguished,
depending on the polarity, in the C-face or the Si-face. Only bulk silicon carbide is used in
this work, nevertheless, also silicon carbide nanoparticles and nanowires, which are important
for bulk heterojunctions, have been produced using various methods [She03) [HonO3! [Liu07].
Furthermore, SiC can be covalently functionalized with organic molecules [SchO8), [Ros09] and

polymers [Stel10] in order to tune the interfacial chemical and electrical properties.

In this work the hexagonal 6H-SiC (a-SiC) is used, which is a wide bandgap semiconductor
with an indirect bandgap of 3.0 eV at 300 K [Lev0O1]. The n-type 6H-SiC substrate (SiCrystal
AG) was doped to 1x10'8 cm™3 with nitrogen donors and had a resistivity of ~ 1x1072 Q cm.
The (0001) surface of the 300 um thick wafer was polished (NovaSiC) to a root mean square
(RMS) roughness of < 0.3 nm and was used for formation of the heterojunctions. Both faces
of the 6H-SiC, the Si-face and the C-face were applied at the hybrid interface. The absorption
coefficient of 6H-SiC is shown in Figure [3.1]as the solid line.

The Fermi level of the n-type 6H-SiC used in this work is about 120 meV below the conduction
band minimum [Pel84]. The value for the absolute position of the valence band maximum of
6H-SiC was determined theoretically by van de Walle ef al. [WalO3]] and experimentally by
Dillon et al. [Dil59] to be 5.9 eV and 6.0 eV, respectively, below the vacuum level. On the
other hand, our own contact potential difference measurements of the work function indicate a
value of about 3.9 eV for the conduction band minimum, leading to a valence band energy of
about 7 eV, which is in agreement with the value of 6.7 eV reported by Pelletier et al. [Pel84]].
Furthermore, in contact potential difference measurements the difference between the two po-
larities was determined to be about 100 meV. The energetic positions of the band edges and of

the Fermi level are shown again in Figure (3.8
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3.1.3 Silicon nanocrystals
Gas phase production of silicon nanocrystals

Silicon nanocrystals can be produced by a variety of production methods, e.g. etching of silicon
wafers, colloidal chemistry, laser ablation, or gas phase growth [Lec0O8a]. However, especially
the colloidal chemistry and the gas phase production of silicon nanocrystals are methods which
are scalable to an industrial production level. The silicon nanocrystals used in this work stem
from a gas phase reactor and were produced by our cooperation partners Hartmut Wiggers at the
Universitidt Duisburg-Essen and by Evonik Degussa GmbH Creavis in Marl. For the production
of silicon nanocrystals, gaseous silane precursors, mainly monosilane (SiHy) are applied, which
can be diluted with noble gases. In addition, hydrogen can be used to passivate the surfaces and
to reduce the reaction kinetics. For a doping of the silicon nanocrystals, dopant gases such as
diborane (B;Hg) and phosphine (PH3) can be added. To react inside the reactor, the precursor
gases have to be transferred to radicals which can be done by hot surfaces, laser irradiation, or
plasma heating [LecO8al]. The latter method was applied for the nanocrystals used in this work.
The energy to dissociate the gas molecules is coupled into the reactor via a microwave plasma
[KniO4]. In Figure [3.2]a schematic view of such a microwave plasma reactor is given. As can
be seen from the figure, the precursor gases enter the reactor inside a tuned microwave cavity.
There the high electromagnetic field amplitude heats the precursor gases and leads to a plasma
containing radical silane compounds. Then, the radicals nucleate and the nanocrystals grow.
At the end of the silica tube, a pump system brings the nanocrystals to the extraction chamber,
where a filter is situated.

Properties of silicon nanocrystals

The grown nanocrystals exhibit a regular spherical shape, and the size distribution is relatively
small. The size distribution follows a log-normal distribution function, which is typical for such

continuous growth processes [Gra76]. The log-normal distribution is given by:

B 1 _(lnx—m)2>
flx,0)= —(2@%1110_ exp ( e ) (3.1)

Here, Inx is the mean value of the distribution and & is the standard deviation. Typical values of
o = 1.15—1.3 are observed for silicon in the range of 4 — 20 nm, while for larger nanocrystals
in the range of 30 — 50 nm values of ¢ = 1.5 are observed [Kni0O4]. The mean size of the grown
nanocrystals depends mainly on the concentration of the silane, the microwave power, and the
total gas pressure. Most of the silicon nanocrystals studied in this work had an average size of

about 20 — 30 nm, but many different nanocrystals with sizes between 4.3 nm up to 33 nm were
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Figure 3.2: Schematic view of the gas phase production of silicon nanocrystals in a microwave
plasma reactor. The reaction zone is limited to a small microwave-heated reactor volume close
to the precursor entrance. For monitoring the nanocrystal size distribution in-situ, a particle

mass spectrometer (PMS) is applied. From Reference [Lec0O8a]

also used in the experiments. Quantum confinement of the nanocrystals can be neglected in the
frame of this work, as it starts to play a role if the particle size falls below the free-exciton Bohr
radius, which amounts to about 4 nm in crystalline silicon [Del93]. Furthermore, the smallest
nanocrystals were only used in experiments regarding the morphology of the sample. In ad-
dition to the intrinsic silicon nanocrystals, also phosphorus-doped nanocrystals were produced
and could be used for this work. For the nanocrystals used in this work the microwave power
was 1200 — 1800 W, the total gas pressure 10 — 100 mbar, and the silane flux 5 — 180 sccm.
An overview over the exact process parameters of the nanocrystals used in this work is given in
Table

In Figure 3.3| a high resolution transmission electron image of silicon nanocrystals is shown.
It demonstrates the spherical shape of the nanocrystals and that only one crystalline domain
is present. Furthermore, a thin, irregular oxide shell, which is typically about 1 nm thick, is
present at the nanocrystal surface.

The absorption coefficient of spin-coated silicon nanocrystal layers has been determined by re-
flection and transmission measurements and by photothermal deflection spectroscopy by Lech-
ner [LecO8a] and is shown in Figure [3.4] as a solid line. The fabrication of silicon nanocrystal
dispersions and the deposition via spin-coating is described in Subsection {.1.1] As the spin-
coated silicon nanocrystal layers exhibit a porosity of about 60 % [LecO8a], the spectrum is
corrected, which leads to a good overlap with the absorption coefficient of crystalline silicon,

which is also shown as a dashed line, in the ultraviolet spectral region. However, above 400 nm
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Sample P p SiHy Ar H, PHj; [P] [SiHy4] d
(W) (mbar) (sccm) (sccm) (sccm) (sccm) (cm™?) (1073) (nm)
201106 1200 10 5 7045 3350 - 0.97 4.3

220807 1800 20 30 7270 2350 0.3 5% 1020 3.1 6.1
160807 1800 80 60 8040 2350 0.2 2% 1020 5.7 12
130406 1800 100 60 16540 4000 - - 2.9 16
270307 1800 50 100 8900 1800 0.15 6.5x10" 10 18
100406 1800 100 180 9620 4000 - - 9.0 21
040407 1800 80 100 8900 2000 0.15 65x10 10 23
250906 1800 100 155 8350 2350 0.05 1.6x10"° 14 29
100506 1800 100 180 9620 1800 - - 16 33

Table 3.2: Process parameters for the intrinsic and phosphorus-doped silicon nanocrystals
which were used in this work. Here, the microwave power, P, the reactor pressure, p, and
the SiHy, Ar, Hy, and PH3 gas fluxes are given. [SiH4] denotes the silane gas concentration
in the precursor, while [P] is the nominal phosphorus concentration in the particles with the

average diameter d.

the silicon nanocrystal absorption is stronger than in crystalline silicon and is similar to the ab-
sorption in microcrystalline silicon, which is shown as a dotted line. The enhanced absorption
in this spectral region can be due to internal scattering and absorption via defect states of the
silicon nanocrystals [LecO8al]. Thus, the absorption takes place also below the energy gap as in

microcrystalline silicon.

The chemical purity of silicon nanocrystals was analyzed by glow discharge mass spectroscopy
and by inductively coupled plasma spectroscopy and a significant contamination level in the
range of up to few ppm was found [LecO8a]]. Especially metal impurities, which may stem from
the microwave reactor, contribute to the impurity level of about 10'7 ¢cm™3. In addition, sili-
con nanocrystal samples which were ball-milled with yttrium stabilized zirconia beads, exhibit
zirconium contamination levels of about 10 — 1000 ppm. Zirconia is an insulator, hence, only
the metal impurities may be important for the electrical properties. However, as the number of
defects in the silicon nanocrystals is much larger, as will be discussed below, the influence of

the impurities can be neglected.

The number of paramagnetic defects of the silicon nanocrystals can be measured via electron
spin resonance experiments. There, for silicon nanocrystals a g-factor of about 2.006 is ob-
served which stems from silicon dangling bond defects [Ste08]]. Silicon dangling bonds can act
as traps for holes and electrons, as their energetic levels lie near the middle of the bandgap. The
amount of dangling bonds in the silicon nanocrystal powder is typically 3x10'8 cm ™3 [Per(7].
For spin-coated layers, this amount increases by one order of magnitude, indicating that the
ball-milling introduces additional defects in the nanocrystals most probable from mechanical

damage or a low quality oxide on surfaces of broken-up agglomerates [LecO8b]. By etching
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Figure 3.3: High resolution transmission electron image of silicon nanocrystals. A thin, irreg-

ular oxide layer surrounds the crystals. From Reference [Kni04].

the surface oxide with hydrofluoric acid, only 10 % of the defects can be removed, thus, only
a small part of the defects lie at the oxidized surface [LecO8b]. In addition, with a low tem-
perature annealing step, a further reduction of the defect density by up to a factor of 10, in
combination with an etching step, can be obtained, which is explained by structural changes in
the nanocrystals [Niel10]. In Subsection electron spin resonance measurements on silicon

nanocrystals will be shown and discussed in more detail.

The amount of doping impurities in the silicon nanocrystal is given by the nominal doping
concentration, which is calculated from the ratio of precursor silane and doping gases. How-
ever, this does not have to be the analytical determined value, which was determined by glow
discharge mass spectroscopy and secondary ion mass spectroscopy [LecO8a]. For phosphorus
doping, which was additionally examined by electron spin resonance experiments, the incorpo-
ration efficiency is close to 100 % independently of the nanocrystal size. However, about 95 %
of the donors segregate to the surface region of the nanocrystals during growth [Ste09]. Hence,
an etching step, which removes the surface oxide layer, also removes most of the phosphorus
donors [LecO8b]. Nevertheless, the etching step in hydrofluoric acid increases the conductivity
by about two orders of magnitude. In addition, as the defect density is high, only doping concen-
trations of > 1 x 10'® cm™3 lead to a increase of the conductivity in silicon nanocrystal layers.
The conductivity of etched silicon nanocrystal layers increases from 1071 Q=! cm~! for un-
doped nanocrystals to 10~7 Q! cm~! for nanocrystals which were doped > 1 x 10" cm™3
[LecO8b]. This is explained by compensation of the charge carriers by the dangling bonds in
the sample.
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Figure 3.4: Absorption coefficients of silicon nanocrystals (solid line), crystalline sili-
con (dashed line) and microcrystalline silicon (dotted line). From References [Lec08a],
[Das55, Hul99], and [Stu94], respectively.

3.2 Organic semiconductors

3.2.1 Poly(3-hexylthiophene) (P3HT)

Structural properties of P3HT

The organic semiconducting polymer poly(3-hexylthiophene) (P3HT) has a m-conjugated elec-
tron system, which is built up from the p.-orbitals of sp?-hybridized carbon atoms in thiophene.
The sulfur of the thiophene ring adds additional electrons to the delocalized 7-electron system.
The thiophene rings, together with the hexyl chains, which make P3HT soluble in a variety of
organic solvents, can be seen in the molecular structure of P3HT in Figure[3.5] The hexyl chains
in this figure are ordered in a head-to-tail structure, which leads to better electrical conductiv-
ity values than other arrangements, e.g. head-to-head structures [Che92]. In the head-to-tail
structure the hexyl chains are all pointing in the same direction, the head of one hexyl chain
of one monomer unit pointing to the tail of the hexyl chain of the next monomer unit. If many
repeat units of the polymer are derived from the same monomer, it has a high regioregularity,
leading to reduced defect densities in the polymer [Che92]. Furthermore, highly regioregular
P3HT, due to the higher order, has a more extended m-electron conjugation length, compared
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to regiorandom P3HT, and hence has also a higher mobility [Pan00]. Thus, for state-of-the-
art P3BHT/PCBM solar cells, a regioregular P3HT is used, which has a high regularity in the
head-to-tail coupling of the monomers [Kim06]. The P3HT used in this work was purchased
from Rieke Metals and had an average molecular mass of 40000 amu and a high head-to-tail

regioregularity of 90 — 93 %.

Figure 3.5: Molecular structure of P3HT in head-to-tail configuration. From Reference
[DyelOa].

Optical and electrical properties of P3HT

In Figure the absorption spectrum of P3HT (solid line) is shown. The spectrum was cal-
culated from transmission and reflection measurements of a spin-coated P3HT layer. From the
absorption spectrum an optical band of 1.9 eV can be determined. Due to the high absorption
coefficient, a 100 nm thick P3HT layers absorbs already about 63 % of the light at a wavelength
of 550 nm. This follows from the Lambert-Beer law where the transmitted light intensity, fjigp,
decreases exponentially with the thickness of the sample, d, and the absorption coefficient, ¢,
with Jjjghe = 110ight exp(—ad), where Il(i)ght
tion coefficient of P3HT in the visible spectral region as compared to silicon, organic solar cells

is the incident light intensity. Due to the higher absorp-

can be much thinner than crystalline silicon solar cells.

The exact position of the HOMO and the LUMO level relative to the vacuum level is unclear and
many different literature values do exist [Liu035} Cas06, Y106, [Tak05] . For the HOMO all values
lie in the range from 4.7 eV [Chi03a] to 5.2 eV [Tha07], while for the LUMO values between
2.6 eV [Chi03a] and 3.2 eV [OkuO8|] have been reported. The differences in the position of
the HOMO and LUMO level of P3HT may be explained by variations in the exact process
parameters and by the purity and molecular weight of the P3HT. The bandwidths of the stated
values (grey band) and the mean values (black line) are shown in Figure[3.8] The Fermi level of
P3HT was determined by contact potential measurements to be about 4.4 eV below the vacuum
level, which is in good agreement with the literature value of about 4.6 eV [[Cas06]]. The Fermi

level is also shown as a red dash-dotted line in Figure[3.§]
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Figure 3.6: Absorption coefficients of P3HT and PCBM. Data for PCBM from Reference
[HopO4aj.

In ITO/P3HT/AI layer systems, the ambipolar mobility in P3HT has been measured with a hole
mobility of ty, =3 x 10~* ¢cm?/Vs and an electron mobility to ye = 1.5 X 10~* cm?/Vs [Cho04]).
However, also a hole mobility as low as uy, = 3 x 107> cm?/V's has been measured in such layer
systems [Chi04], while in field effect transistors, already high hole moblity values of up to 0.1
cm?/Vs have been reached [Sir98]]. Furthermore, the mobility depends on many factors, e.g.
the molecular mass [GohOSb] or the head-to-tail regioregularity [Sir98]]. Additionally, when
P3HT is illuminated in air, the polymer will degrade due to photo-oxidation, forming functional
groups which reduce the conjugation length and lead to a lower mobility and a poorer perfor-
mance of P3HT based optoelectronic devices [Cha08, |Abd97]]. Another important parameter,
the exciton diffusion length in P3HT, has been determined to be only several nanometers, with
values ranging from 3 — 9 nm [Sha08, |(Goh07, Kro03, [Liie04].

3.2.2 [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM)

[6,6]-phenyl-Cg; -butyric acid methyl ester (PCBM) is the most commonly used fullerene deriva-
tive, as it is soluble in common organic solvents, in contrast to pure Cg fullerenes. The molec-
ular structure of PCBM, which is mainly a Cg fullerene which is functionalized to make it
soluble, is shown in Figure The PCBM which was investigated in this work was purchased
from Solenne BV.
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Figure 3.7: Molecular structure of PCBM. From Reference [Wikl10].

Thin films which are spin-cast from chloroform are amorphous, while when a high boiling
point solvent, such as dichlorobenzene, is used, the PCBM molecules form crystals [Bra0g]].
In blends of PCBM with P3HT, PCBM has a very low crystallinity after spin-coating, whereas
after an annealing step at 130 °C the morphology changes and larger van der Waals crystals of
PCBM with sizes larger than 10 um are formed [Sav03, BraOS|]. For a pure PCBM layer, a
high electron mobility of g = 1 x 1072 cm? V~! s~! has been reported [Mih03]. This electron
mobility is reduced by several orders of magnitude in composite P3HT/PCBM films [Shi07]].
Furthermore, as for conjugated polymers, also the conductivity in fullerenes decreases when

oxygen, which creates deep traps, comes into play [Lee94].

The bandgap of PCBM is about 2+0.2 eV, which is the bandgap of Cgy molecules [Dre96].
The LUMO position of PCBM is about 3.7 — 3.8 ¢V and the HOMO lies at about 5.5 —-5.9 eV
[AIOS, [ChiO3b] which is shown in Figure [3.8] From these values, which are well below the
HOMO/LUMO values of conjugated polymers such as P3HT, it is clear that PCBM is a good
electron accepting material. This property, together with its high electron mobility makes it the
standard electron acceptor in organic photovoltaics. However, one disadvantage of PCBM is
the lower optical absorption, compared to P3HT, as can bee seen in Figure

Summary of the energy level positions of all semiconductors

In Figure [3.8] the values for the positions of the energy levels of the organic and inorganic
semiconductors used in this work are shown. The values stem from the literature and also were
experimentally determined (red lines) as described in this chapter. The mean values of the
energy band edges are shown as black lines, while the range of the values is represented as a

grey band and the Fermi levels are shown as dash-dotted lines.
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Figure 3.8: The positions of the energy levels of the organic and inorganic semiconductors
used in this work. The grey bands are the range of the literature values (see text for details) for
the energy levels, the black lines the average values, the dash-dotted lines the literature values

of the Fermi levels, and the red lines are the measured values.
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4 Sample Preparation and
Experimental Methods

In the first part of this chapter, the preparation of the samples, both heterojunctions with silicon
nanocrystals as well as bilayer heterojunctions, is described in detail. In the second part, the ex-

perimental methods which were applied to characterize the heterojunctions will be reviewed.

4.1 Sample preparation

In this section, the preparation of the heterojunctions with silicon nanocrystals, especially the
preparation of the silicon nanocrystal dispersions and of the mixed P3HT/silicon nanocrystal
(P3HT/Si-nc) solutions will be highlighted. Furthermore, for heterojunctions with bulk semi-
conductors, the fabrication of ohmic contacts is an important point, which, among other things,

will be described in the second part of this section.

4.1.1 Heterojunctions with silicon nanocrystals
Silicon nanocrystal dispersions

Silicon nanocrystals can be preferentially dispersed in polar solvents, which is most probable
due to the polar Si-O bonds at the surface of the oxidized particles. In ethanol, stable dispersions
with up to 6 wt% are achieved. However, also in acetone, cyclohexanone, tetrahydrofuran, or
chloroform dispersions are possible, whereby the quality of the dispersion decreases with de-
creasing polarity of the solvents. For this work, silicon nanocrystal dispersions were prepared
either in ethanol at 5 wt% or in chloroform at 0.5 %, if the silicon nanocrystal dispersion was
mixed with an organic solution. The silicon nanocrystals were typically dispersed via ultrasound
or via ball milling with yttrium stabilized zirconia beads (ZrO,:Yt). For the ball milling process,
a mixture of the silicon nanocrystals and the ZrO,:Yt beads, which were added in a compara-
ble amount, was placed on a shaker (Eppendorf Thermomixer Compact) and than stirred for
typically four hours. The typical agglomerate size after the ball milling has been determined to
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about 65 nm [Lec08a]. Such dispersions are stable on the time scale of several weeks. How-
ever, the ball milling increases the defect density of the silicon nanocrystals significantly by

one order of magnitude to typically 2 — 3 x 10!° cm—3

, most probably due to mechanical dam-
age [Lec0O8b, PerO7/]]. Also ultrasound was applied to disperse the silicon nanocrystals and to
avoid such a strong increase of the defect density. This method was used for the dispersion of
the silicon nanocrystals for the hybrid solar cells with silicon nanocrystals. Here, the silicon
nanocrystals were dispersed for typically 30 min which resulted only in a slight increase of
the defect density, as measured via electron spin resonance. However, the silicon nanocrystals
were not so well dispersed as after ball milling, leading to a lower long term stability of the
dispersion. Furthermore, if the ultrasound was applied for a longer timescale of several hours,
a further increase of the defect density up to a similar value as obtained via ball milling was

observed.

For some purposes the silicon nanocrystals were etched in diluted hydrofluoric acid (5 % in
H,0) for one minute and dispersed in a solvent afterwards. The etching of the silicon nanocrys-
tals was carried out by drop-casting the nanocrystal solution on a polyvinylidene fluoride filter
(Millipore, Filtercode: VVPP) with a pore size of 0.1 um. Via a vacuum pump the solvent has
been extracted before the hydrofluoric acid was drop-casted on the silicon nanocrystal film on
the filter for one minute. Afterwards, the nanocrystals were rinsed with ethanol several times.
After the final extraction of the ethanol, the filter which was covered with a dry silicon nanocrys-
tal layer was transferred into the desired solvent. Finally, the nanocrystals were removed from
the filter via ultrasound. By etching with hydrofluoric acid, the oxide shell of the as-received
silicon nanocrystals is etched away [Ste08]]. Furthermore, the defect concentration is reduced
by about 10 %, indicating that only a small fraction of the defects lies at the oxidized surface
[LecO8bl]. Also the number of phosphorus donors is reduces by a factor of 20, as most of the

phosphorus atoms are segregated in the oxide shell [SteQ9].

Solutions with P3HT and PCBM

For the work with organic semiconductors it is important to avoid oxidation. Thus, most of
the preparation and also a large part of the characterization was done in inert gas atmosphere.
For this purpose, a glove box (Labmaster 130, MBraun) filled with argon and typical residual
impurities of HbO < 1 ppm and O, < 1 ppm was available. P3HT was dissolved either in
1,2-dichlorobenzene with 2 wt% or in chloroform with 0.5 wt% for the mixture with silicon
nanocrystals, by stirring at 40 °C with a magnetic stirrer for several hours. The P3HT solu-
tion with chloroform was chosen, as chloroform is also an appropriate solvent for the silicon
nanocrystals. However, using 1,2-dichlorobenzene, which has a higher boiling point, leads to
a better layer morphology due to the slower evaporation of the solvent making it the standard
solvent for P3HT. PCBM was dissolved, such as P3HT, with 0.5 wt% in chloroform by stirring
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at 40 °C with a magnetic stirrer for several hours. For a reference sample made of PCBM and
P3HT, both solutions were mixed in a weight ratio of 1:1 by mixing the solutions and stirring
them at 40 °C with a magnetic stirrer for typically 24 h.

Samples for electron spin resonance

The ball-milled silicon nanocrystal dispersions and the P3BHT or PCBM solutions, all in a con-
centration of 0.5 wt% in chloroform, were mixed in a weight ratio of 1:1 by ultrasound and by
mechanical shaking for 10 min each. Then typically 100 ul of the mixed solution and of the
single components were transferred to transparent quartz tubes which were heated up to about
45 °C to evaporate the solvent. The sample tubes were sealed afterwards with wax to avoid
oxidation. For samples for electrically detected magnetic resonance measurements, the solu-
tions were directly drop-casted onto a gold interdigit contact structure to enhance the current
through the active layer. The gold contacts consisted of 112 digits of typically 10 yum width and
with a distance of 10 um and were patterned via photolithography on a polyimide polymer foil

(Kapton, Dupont).

Hybrid solar cells with silicon nanocrystals

The hybrid solar cells with silicon nanocrystals were fabricated by deposition of the active
layer, containing P3HT and silicon nanocrystals, onto an ITO-coated glass substrate as a front
contact and the following evaporation of a metal back contact. The single steps of the sample

preparation are described below.

ITO as a front contact was chosen, as ITO, which is a standard front contact for organic solar
cells [Li05]], is transparent in the visible spectral range, has a small resistance, and its work
function of about 4.5 —4.8 eV [Bra0§] lies in the range of the HOMO level of P3HT (4.7 —
5.2 eV, see Subsection [3.2.1) and, thus, an ohmic contact to the P3HT is formed [[ChiO3b].
The ITO-coated substrates (purchased from Delta Technologies, Rg = 5 — 15 Q) were cut to
15 x 15 mm? and the ITO was etched with 37 % hydrochloric acid for 10 min in ultrasound,
leaving only an ITO contact of 5 x 15 mm? in the middle of the substrate, where the ITO
was covered carefully with adhesive tape. Afterwards the substrates were cleaned in acetone,
1sopropanol, and water for 10 min each in ultrasound. In addition, the cleaned ITO substrates
were put for 10 min in an oxygen plasma at 200 W (100E-Plasma Systems from Technics
Plasma) to flatten the ITO surface and to enhance the work function to about 4.8 eV [Kim98,
Kim99] for a better alignment with the HOMO of P3HT. The ITO covered substrate had a
thickness of 1.1 mm, whereby the ITO was about 150 nm thick. The transmission of the ITO
1s 75 —90 % in the relevant spectral region from 400 — 1100 nm. In typical organic solar cells,

in addition a poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS) layer is
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spin-coated onto the ITO to further flatten the ITO surface and to enhance the work function for
a better hole extraction [Bra08]. However, when an additional layer of PEDOT/PSS (Baytron
P from H. C. Starck) was spin-coated onto the ITO layer no influence on the current-voltage
characteristics of the hybrid solar cells was observed. This may either be explained by pinholes
in the PEDOT/PSS layer or by a work function of the PEDOT/PSS, which ranges in the literature
from 4.7 — 5.2 eV [EIsO8]], similar to the work function of the ITO which, hence, does not have
an influence on the device performance. However, as no effect was observed, no PEDOT/PSS

layer was applied in our devices.

On the ITO substrate the active layer was deposited by spin-coating (KL-VT-50 from LOT-
Oriel) of 90 ul of a P3HT/Si-nc solution with typically 750 rpm. Either one layer or several
layers spin-coated on top of each other were typically deposited. The P3HT/Si-nc solution for
the active layer was fabricated by mixing both components in ultrasound for 30 min. To obtain
homogeneous P3HT/Si-nc solutions, both materials are dissolved in chloroform with 0.5 wt%
before mixing as described above. For additional measurements, the active layer was also spin-
coated on glass, polyimide foil or on thin gold layers with a similar wetting behavior. For a
typical 0.5 wt% P3HT/Si-nc solution in chloroform, an active layer thickness of about 75 £ 20
nm was obtained. However, due to the high surface roughness of the active layer (see Subsection

[5.1.2)), this is an average value.

As a rear electrode aluminum is commonly used in organic solar cells [BraO8|] due to its low
work function of 4.1 eV which makes it an appropriate electron-collecting contact. Furthermore,
this work function lies close to 4.05 eV of the conduction band edge of silicon, reducing an
energy loss when electrons are extracted from the silicon via the aluminum back contact. Here,
for the back contacts 50 nm aluminum were deposited in high vacuum with a rate of 1 —2 nm/s
by thermal evaporation (K950X from Emitech) with a shadow mask. The eight contacts per
sample had an area of 1.3 mm? each and were connected with larger contact pads. As the ITO
was etched away under the contact pads, short-circuits due to the contacting of the sample were
prevented. Finally, the contacts pads were covered with conductive silver paste to enhance the
contact properties to the contact pins. The sample was mounted in a homemade sample holder,
where all contacts and the ITO were connected simultaneously with gold-coated contact pins
(GKS 967, Ingun). Thus, current-voltage characteristics of the contacts in the dark and under
illumination with white light or with high-power LEDs could be recorded consecutively by
switching the contacts electronically. The schematic sample geometry is shown in Figure @.1]

where in (a) the contact geometry in top view and in (b) a cross section of the sample are shown.
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P3HT/Si-nc

| ITO |
Glas substrate

Figure 4.1: Schematic view of (a) the contact geometry in top view and of (b) the cross section

of the sample.

Hybrid solar cells with silicon nanocrystal layers structured via soft lithography

Another method which was investigated in this work to produce bulk heterojunction solar
cells with silicon nanocrystals is the nanostructuring of the silicon layer to achieve an ordered
bulk heterojunction. Promising methods to fabricate ordered bulk heterojunction structures
for solar cells are the nanoimprint lithography and the soft lithography. Both techniques have
been developed since the mid nineties as low-cost alternative to common lithographic tech-
niques for the fabrication of micro- and nanostructures and aim to generate nanostructures using
rigid and elastomeric molds, respectively [X1a98, |(GuoO7]]. Furthermore, with these techniques
very small structure sizes can be realized, as optical diffraction is not a limiting factor. Soft
lithography has been applied for microstructuring of conducting and semiconducting polymers
[Beh99, |Gat05, KimO7]]. In addition, soft lithography with gold or titanium dioxide (TiO,)
nanoparticles has also been reported [Wi1l04, ImaQ7/]. For hybrid solar cells, a structured TiO,
layer, in which P3HT was infiltrated, has been fabricated via soft lithography of a sol-gel TiO,
[GohO5a, ICoa05b]. Additionally, organic solar cells with ordered heterojunctions based on
PCBM and a polythiophene derivative, which have been fabricated via nanoimprinting show an
enhancement when compared to unstructured organic solar cells [KimOQ7]. P3HT has also been
nanostructured by nanoimprinting, showing a slight enhancement of the efficiency of organic

solar cells when compared to planar structures [ScalOl.

However, the advantage of the soft lithography is that the mold is flexible, and thus can be
applied on e.g. prestructured ITO on glass or on flexible plastic substrates. The typical mold
material used for soft lithography, poly(dimethylsiloxane) (PDMS), a silicon-based polymer,
is durable, transparent above a wavelength of about 280 nm, chemically inert and resistant to
many solvents [Gat0S5]. PDMS is applied to the master prior to the polymerization in liquid
form and therefore adapts to the surface of the master and can be removed from the master after
polymerization. However, the elastomeric character of PDMS can cause problems if the aspect
ratio, defined by the height relative to the width of the structure, is too large. Then the structure

collapses and sticks together due to van der Waals interactions [X1a98]. In the literature several
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soft lithographic techniques are reported [Xia98, |Gat0S)]. In this section, mainly soft molding
is applied. To this end, the PDMS stamp is pressed onto a solution, e.g. a polymer or nanopar-

ticle layer, with a low pressure of < 1 N cm™2

immediately after it was deposited. With an
appropriate chosen solvent, the solvent can evaporate by diffusion through the mold and after a
certain time the stamp can be removed and a patterned structure remains. The principle of the

soft lithography process is shown in Figure .2}

I PDMS mold |
PDMS mold

Step 1 “ Step 2
—_— —_—

substrate substrate substrate

Figure 4.2: Schematic illustration of the soft lithography process.

In this work, a silicon wafer with a 350 nm pitch grating was used as a master for the PDMS. The
silicon master was fabricated by using a combination of interference lithography and reactive-
ion etching [HarO7/] and was provided by Stefan Harrer and Giuseppe Scarpa from the Institute
for Nanoelectronics at the Technische Universitidt Miinchen. The grooves of the master were
about 50 nm deep, which was determined by AFM measurements of the master as shown in Fig-
ure [4.3] (). For the fabrication of the PDMS stamp the Sylgard 184 silicone elastomer kit from
Dow Corning was used. The two components, the silicon base and the corresponding liquid
curing agent, were mixed in a ratio of 10:1 by volume before the liquid PDMS was distributed
uniformly onto the master and cured at 70 °C for 2 h. Afterwards, the PDMS mold could be
peeled off carefully from the master. The pattern of the master was transferred to the PDMS
mold quite well, as apparent from Figure [d.3] (b), where the AFM image of the mold is shown.
However, the edges of the PDMS mold are rounded and the depth of the grooves of the mold is
slightly reduced as compared to the master. This is due to the influence of the surface tension
after releasing the stamp from the master [Odo02]. Furthermore, the compression modulus of
Sylgard 184 PDMS with about 2 N mm 2 is relatively low, which means that the resolution
which is achievable with the stamps is limited to about 100 nm [Odo02, Sch00], which corre-
sponds roughly to the structure size of the master. Each mold could be used several times when
the mold was cleaned for 30 min in isopropanol in an ultrasound bath. However, the number
of embossing processes is limited, as the quality of the mold decreases due to residua of the

embossed material, which adhere to the mold.

To produce ordered bulk heterojunctions with an organic polymer and silicon nanocrystals via
soft lithography, either the polymer or the nanocrystals can be embossed and afterwards the
structured layer can be covered with the counterpart. However, for an intimate contact between

the nanocrystals and the P3HT it is favorable to emboss first the nanocrystal layer and then
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(b)

Figure 4.3: AFM surface plots of (a) the silicon master and (b) the corresponding PDMS mold.
The scan area is 2 x 2 um?, the total height is 150 nm.

apply the polymer solution. In this way the polymer can wet the nanocrystals and the structure.
The other way round, the spherical nanocrystals would only have a close contact with the poly-
mer on a small area and would have problems to fully wet the grooves of the structure. The
nanocrystal layers were structured as follows: An amount of about 20 ul of an ethanol-based
dispersion of the silicon nanocrystals, with a 5 — 6 wt% concentration, which was found to give
the best results, was drop-casted onto the substrate. Immediately afterwards, the PDMS mold
was placed on the dispersion and was slightly pressed against the substrate. Then, the sample
was annealed at 80 °C for about 5 minutes to evaporate the ethanol, which also diffuses into
the PDMS, before the PDMS mold could be peeled off the substrate. As a substrate etched ITO
coated glass, as for bulk heterojunction solar cells, was used. As a reference structure without a
structured silicon nanocrystal layer, also an amount of 75 ul of silicon nanocrystals were spin-
coated with 1200 rpm on an ITO substrate. Afterwards, also the reference sample was annealed
at 80 °C for 5 min to evaporate the ethanol. In the next step, P3HT, which was solved in the
nonpolar solvent 1,2-dichlorobenzene with 2 wt%, was spin-coated on the silicon nanocrystal
layer. Then, aluminum contacts were deposited by thermal evaporation through a shadow mask
as described above.

4.1.2 Heterojunctions with bulk semiconductors
Ohmic back contacts

For the preparation of heterojunctions with bulk inorganic semiconductors, ohmic back-contacts

to the inorganic semiconductors are essential. Here, ohmic contacts were achieved by forming a
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highly doped region in the semiconductor near the metal-semiconductor interface. This enables
charge carriers to tunnel through the Schottky barrier, as described in Subsection [2.2.1]

For the 360 — 525 um thick silicon wafers, the processing of ohmic contacts was dependent
on the doping type. To achieve a highly doped interface region on n-type silicon, antimony, as
an element of the 5th main group, was used as a donor. The following steps were necessary
to form an ohmic contact on n-type silicon with antimony doping: Via thermal evaporation,
performed in a high vacuum evaporation system (Leybold L560), a 70 nm thick gold-antimony
alloy (Au/Sb 99:1) was deposited on the n-type silicon. Before, the silicon had been etched in
vapor of 50% hydrofluoric acid to remove the natural oxide, which has been validated by contact
angle measurements. Then the n-type silicon with the gold-antimony alloy layer was annealed
in high vacuum for 3 min at 500 °C. At the eutectic temperature of 363 °C an eutectic between
gold and silicon is formed, in which also the antimony atoms are solved. When cooling under
the eutectic temperature, the gold is expelled from the silicon, while the antimony remains in the
silicon and, hence, forms the highly doped layer [Wer94]]. As the gold contact on the antimony
doped n-type silicon is not very homogeneous, a second evaporation step is performed. Thereby,
after another hydrofluoric acid etching step, 10 nm of chromium, for an enhanced adhesion, and

100 nm gold are evaporated successively to establish a stable ohmic contact.

For ohmic contacts via a highly doped tunneling contact on p-type silicon, aluminum has been
used as an acceptor. Following the removal of the natural oxide of the silicon, as described
above, 60 nm of aluminum were evaporate on the p-type silicon. Then an annealing step for
10 min at 500 °C in high vacuum follows. As 500 °C is below the eutectic temperature of
aluminum and silicon, which is 577 °C, aluminum diffuses into the p-type silicon near the
interface and generates a highly p-doped layer and an ohmic contact.

Ohmic contacts on the 300 um thick n-type 6H-SiC can be achieved as described by Schoell
[Sch06] via the thermal evaporation of 50 nm of chromium and of 50 nm of gold on the sample,
followed by an annealing step at 900 °C for 5 min in high vacuum. Prior to the evaporation
step, the natural oxide has been removed by etching in hydrofluoric acid, as already described
for silicon. To illuminate the sample through the back contact, the ohmic contact was applied

only on a part of the sample surface.

Photolithography

Photolithography was applied to define the size of the hybrid heterojunction on the inorganic
semiconductor and to avoid short-circuits by reducing the overall heterojunction area. The inor-
ganic substrates were cleaned for 10 min each in acetone and isopropanol in an ultrasound bath
and then were covered with photoresist via spin-coating at 6000 rpm for 40 s. As a chemically
stable photoresist SU-8 2002 from Microchem was used. Afterwards, the samples were baked
(soft bake) for 2 min at 95 °C, covered with a photo mask, and exposed to UV light for 13 sin a
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mask aligner (MJB 3, Karl Suss). The photo mask was patterned with circles of 0.5 mm?. After
the post exposure bake for 2 min at 95 °C the sample was developed for 1 min. All photolitho-
graphic steps were repeated for a second time to close possible pinholes in the photoresist layer.
Finally, a hard bake for 1 h at 180 °C was performed to achieve the final high chemical stability.
An additional advantage of the photoresist layer is that the short-circuiting of the heterojunction
during the contacting of the top contact is circumvented.

Surface treatment

To remove the isolating and defect rich natural oxide of the inorganic semiconductors the fol-
lowing surface treatment was carried out: The samples were oxidized for 5 min at 200 W in
an oxygen plasma (100E-Plasma Systems from Technics Plasma) and then were held into the
vapor of 50 % hydrofluoric acid for 1 min. Both steps were repeated a second time. On silicon
a H-termination of the surface was achieved [BauO6al]. This was confirmed by contact angle
measurements, where the contact angle increased from 52° 4 3° up to 81° + 3° after the sur-
face treatment due to the achieved H-termination. The H-termination was only stable for several
minutes in air, hence etching and the subsequent processing was performed in the glovebox. On
6H-SiC an OH-termination is achieved with this procedure [Sch06, Sey04].

Deposition of P3HT

The P3HT (Rieke Metals, Inc.) was dissolved at 2 wt% in 1,2-dichlorobenzene. The solvent
was chosen due to its high boiling point of 179 °C, which resulted in a slower evaporation and
therefore in a better morphology and a higher mobility [Cha04]. The polymer was deposited
in inert gas atmosphere on the inorganic semiconductors either by spin-coating or by drop-
casting. For the latter method, which was applied for the P3HT/Si heterojunctions, 1 ul of the
P3HT solution was deposited in the holes of the photoresist by drop-casting which led to a layer
thickness of 1 +0.3um. Due to the thickness of this layer, pinholes in the layer, which would
short-circuit the P3HT layer, were effectively avoided. However, the thick layer also increased
the resistance and absorbed most of the photons in the absorption range of P3HT. Nevertheless,
as silicon has a broader absorption range, the silicon could still be excited with light of longer
wavelengths. This was not possible for heterojunctions with 6H-SiC, where a thick P3HT layer
would not allow photon absorption in the 6H-SiC at the heterojunction interface. Thus, for
P3HT/6H-SiC heterojunctions, a thinner P3HT layer was deposited via spin-coating of P3HT
at 1200 rpm for 2 min. This resulted in a P3HT layer thickness of 150 10 nm.
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Transparent front contacts

As the last step of the sample preparation for bilayer heterojunctions, transparent front contacts
on top of the P3HT layer were established. The front contacts were produced by the deposition
of either ITO in the case of the P3HT/silicon heterojunction or of gold for the P3HT/6H-SiC

heterojunction.

As already mentioned previously, due to the appropriate work function, ITO forms an ohmic
contact to P3HT. Several ways to deposit ITO exist, such as sputter-coating, chemical vapor
deposition, sol-gel processes, spray-pyrolysis, or evaporation [Tah98|]. Due to the equipment
that was available the ITO layers for bilayer heterojunctions were evaporated using evaporation
sources from MaTecK with 90/10 wt% of InpO3/SnO,. In the literature both, thermal evapo-
ration [Sal98] and e-beam evaporation [Geo00] are reported. For this work, also both methods
were tried, however, the latter one exhibited better properties regarding the transmittance and
the conductivity. To investigate this discrepancy, energy-dispersive X-ray spectroscopy (EDX)
was used to compare the elemental composition of the ITO layers. While the elemental compo-
sitions of the evaporation source and the e-beam deposited layer coincided, the EDX spectrum
of the thermally evaporated ITO layer exhibited a much higher amount of tin, as compared with
the evaporation source composition. This can be understood by the lower SnO; melting temper-
ature of 1127 °C compared to the In,O3 melting temperature of 1565 °C, which seems to lead
to a higher evaporation rate of the SnO; during the thermal evaporation process. Thus, e-beam
evaporation was applied for the ITO front contacts of the hybrid bilayer heterojunctions in this
work. To further enhance the conductivity and the transmittance of the deposited ITO layers,
a high substrate temperature and a small evaporation rate is favorable [[Agn85, [Fal06, Mi1z80].
Hence, the smallest possible evaporation rate of 0.1 nm/s was chosen during evaporation. In ad-
dition, via a heater an elevated substrate temperature could be chosen during the evaporation. As
the glass transition temperature of highly regioregular P3HT, where the micro-crystalline struc-
ture melts, is about 225 °C [Hug04, KimO35], this limits the maximum substrate temperature.
Thus, the substrate temperature was set to about 170 °C. The transmission of the evaporated
70nm thick ITO layer was about 50 % to 75% in the relevant spectral range from 400 nm up to
1100 nm.

For the excitation of charge carriers in 6H-SiC also from the P3HT side through the top contact,
ultraviolet light is necessary. However, ITO, which has a bandgap of about 3.6 eV [Goy83],
absorbs light with wavelengths smaller than 344 nm and, hence, can not be used as front contact
for the P3BHT/6H-SiC heterojunction. As an alternative semitransparent front contact to the
P3HT, a 7 nm thick semitransparent gold contact was thermally evaporated as an ohmic front
contact on the P3HT. The transmission of the gold layer was about 50% - 70% in the relevant
spectral region from 200 nm up to 600 nm. In measurements of pure P3HT layers with gold
contacts, it was confirmed that the P3HT/gold contacts are ohmic, which has also been reported
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in the literature [Chi03b]. This can be explained, as in the case of ITO, by similar values of the
HOMO of P3HT and the work function of 5.1 eV of gold. In Figure[#.4]a schematic diagram of
the sample structures of (a) P3HT/silicon and of (b) P3HT/6H-SiC heterojunctions is shown.

(a) | (b)
ITO A
Photoresist [a%lalll Photoresist Photoresist [&J™gj§ Photoresist

Silicon 6H-SiC

Metal Metal | | Metal

Figure 4.4: Schematic view of the sample structure of (a) P3HT/silicon and of (b) P3HT/6H-

SiC heterojunctions with the photoresist layer which defines the heterojunction interface area.

4.2 Experimental methods

This section includes a summary of the experimental techniques used in this work. It starts
with a description of the methods for the structural and chemical analysis. Then, the optical
spectroscopy is introduced briefly. Finally, the two most important characterization methods of

this work, the electrical characterization and the electron spin resonance, are reviewed.

4.2.1 Structural and chemical analysis
Energy-dispersive X-ray spectroscopy

For the comparison of the elemental composition of the ITO contacts, which were made via
thermal and e-beam evaporation, energy-dispersive X-ray spectroscopy (EDX) was applied.
Here, the ITO samples were exposed to a high-energy electron beam in a scanning electron
microscope (S-3200N, Hitachi). Thereby, electrons from the inner shells of the atoms of the
ITO are excited. Then electrons from the outer shells fill the vacancies in the inner shells and the
difference of the energy between the shells is released in the form of X-rays. The intensity and
the energy of the emitted X-rays are measured by an energy-dispersive detector (Link Pentafet,
OXFORD). As the energy of the X-rays is characteristic for the element from which they were
emitted, this allows to measure the elemental composition of the sample.
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Adsorption spectroscopy

For the determination of the surface area of porous or colloidal structures a frequently used
method is the measurement of the adsorption of gases on the surface as a function of temper-
ature. By the extension of Langmuir’s monolayer adsorption theory, Brunauer, Emmett, and
Teller (BET) deduced the adsorption isotherm for the adsorption of gas molecule multilayers
on a surface [Bru38]. With this theory, the experimentally determined quantity of adsorbed gas
can be fitted as a function of the gas equilibrium pressure and the amount of gas adsorbed in
the first monolayer and all further layers. For the silicon nanocrystals examined in this work,
BET measurements have been performed at the Universitdt Duisburg-Essen using N, gas at a
temperature of 77 K. From the specific BET-surface, oggr, which was obtained by normalizing
to the sample mass, the silicon nanocrystal diameter, dggt, can be readily calculated if a spher-
ical nanocrystal shape is assumed. Thus, in the case of silicon nanocrystals with the density

p =2.33 g cm~! the nanocrystal diameter is given by:
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As the silicon nanocrystals grown in the microwave reactor resemble spherical particles, the
BET results for the diameter are in good agreement with complementary transmission electron

microscopy and in-flight mass spectroscopy measurements [Kni04].

Atomic force microscopy

With atomic force microscopy (AFM) the surface morphology can be scanned. AFM measure-
ments were performed in tapping mode operation (Veeco Multimode AFM with a Nanoscope
IITa controller). In this operation mode, a silicon cantilever is mechanically excited at its res-
onant frequency of typically 300 kHz, while the sample is scanned in x-y direction with a
piezoelectric actuator. The silicon cantilever tip interacts with the sample surface, which leads
to a damping of the oscillation. The oscillations of the cantilever are detected by a laser which
is reflected from the cantilever to a photodiode array which is used to regulate the cantilever
distance to the sample. The lateral resolution of AFM measurements is limited by the radius
of the cantilever tip to about 20 nm, while the vertical resolution can reach the sub-nanometer
range. Special care has to be taken that the tip is not degraded which leads to a loss of horizontal

resolution.

Optical microscopy

Optical images of the samples were obtained by using a Zeiss optical microscope. A digital
camera is connected to the microscope and could be used to directly record images of the
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sample with a magnification of 50x up to 1000x. Transmission and reflection images could
be recorded for illumination in bright and dark field mode, where especially the latter provides

structural information regarding the smoothness of the sample.

Scanning electron microscopy

For scanning electron microscopy (SEM) an electron beam originating from a heated tungsten
wire is accelerated in an electric field and focused by a system of condenser lenses on the
surface of the sample. The sample is then scanned line by line in vacuum. The electron beam
which hits the sample generates secondary electrons which are detected and transformed into
an image of the surface morphology. SEM exhibits three-dimensional images of the sample
with a large depth of field with magnifications of up to 15000x for SEM images recorded in this
work with different electron microscopes. For images of samples produced via soft lithography
a Hitachi S-3200N SEM was used routinely, while a Hitachi S-4000 SEM was also used due
to its higher resolution. Furthermore, cross section views of samples were provided by our
cooperation partner at Evonik Degussa (Aqura Analytical Solutions, Marl), where the samples
were cleaved at cryogenic temperatures. The acceleration voltages were typically in the range
of 5 —30 kV. To avoid charging effects for low-conductivity samples, a thin gold film of about

10 nm was sputtered onto the samples prior to the SEM measurements.

Profilometer measurements

For the determination of the thickness of the polymer layers, a profilometer (Dektak Profiler,
Veeco, Sloan Technology Division) was used. During the measurement the sample is moved
under a diamond microtip which touches the sample and, thus, scans the surface profile. The
movement of the microtip is detected via induction and is shown as a height profile. The radius
of the microtip is 2.5 um and the force of the tip on the substrate is typically in the mN range.
The scan length was typically about 1 um. For the measurement a part of the active layer was
removed by scratching down to the substrate and the resulting step was analyzed. With this
method, a height profile resolution of 20 nm can be achieved.

Contact potential difference measurements

One technique to determine the work function of a material is the contact potential difference
(CPD) measurement. Thereby, the work function difference between two materials, which form
the two sides of a parallel plate capacitor, is measured. When a connection of the two materials
is established, electrons will flow from the material with the lower work function to the material
with the higher work function. As the two materials are forming a capacitor, the electrical
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charge which is flowing will charge the capacitor which forms an electric field in the gap and a
drop in the local vacuum level across the capacitor gap. The potential energy drop is equal to

the difference in the work functions [[Kro99||:
eVepp = @1 — Ds. “4.2)

During the measurement, the capacitor is vibrated periodically, so that a steady state alternating
current develops in the capacitor which is easily monitored with an amplifier. Thus, a bias
voltage can be adjusted until the alternating current is nullified. This is the case when the
applied bias voltage is equal and opposite to the CPD. This measurement principle is shown
schematically in Figure 4.5] where the Fermi levels of two materials are drawn which are (a)
isolated, (b) short-circuited, and (c) connected with a bias voltage equal and opposite to the
CPD.
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Figure 4.5: Schematic energy diagrams of a contact potential difference measurement with a
parallel plate capacitor formed by two different materials with different work functions: (a)
isolated, (b) short-circuited, and (c) connected through a bias voltage equal and opposite to the

contact potential difference. From Reference [Pal06al.

The CPD setup can also be applied to the measurement of illumination induced changes in
work functions of semiconductors. For this purpose, one has to make an ohmic contact to
the semiconductor sample and connect it to the metallic reference electrode. Since the work
function of the metallic electrode does not change under illumination, the relation

eAVcpp = ADgc = —eVspy, (4.3)

is assumed, where Vspy is the surface photovoltage, which indicates the magnitude of band
bending at the surface of the semiconductor. Such a band bending stems from a surface space
charge region, which is typically due to surface states which capture the majority carriers. Under

above-bandgap illumination, the photo-induced charge carriers can redistribute a significant
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amount of charge and, thus, reduce the space charge region and the band bending. When the
intensity is high enough, this results in complete flattening of the surface band bending [Kro99].
This photo-saturation technique is the most used surface photovoltage based tool to determine

the surface potential.

Contact potential difference measurements were performed for inorganic semiconductors in air
directly after the etching step and for P3HT in vacuum with a semitransparent gold reference
electrode and a control unit (Kelvin Probe S and a Kelvin Control 07, respectively, from Be-
socke Delta Phi GmbH). For surface photovoltage measurements the inorganic semiconductor
was illuminated with UV light, while P3HT was illuminated with white light to avoid photo-
chemical reactions. The intensity of the illumination was stepwise increased until a saturation

was observed.

Contact angle

The contact angle between a drop of HyO and the sample surface could be determined with a
video camera. The value of the contact angle allows to conclude if the surface has a hydropho-
bic or hydrophilic nature. This was mainly done to verify if the termination of the inorganic

semiconductors had been successful.

4.2.2 Optical spectroscopy
Optical spectrometer

For the determination of the transmission and the reflection of the semiconductors and the trans-
parent contacts, a optical spectrometer (Lambda 900, Perkin Elmer) was employed. The spec-
trometer is equipped with both, a halogen and a deuterium lamp, and thus is able to cover a
spectral region of 186 — 3280 nm, which corresponds to the near infrared, visible, and ultravi-
olet parts of the electromagnetic spectrum. The detection of the infrared light is provided by a
PbS photo-detector. For the visible and ultraviolet light a photomultiplier records the intensity.
The spectrometer has a double monochromator which lowers the stray light effectively. At the
beginning of each measurement, a lamp spectrum is recorded, to which the resulting sample
spectrum is normalized. From the measured reflection and transmission spectra the absorption
coefficient, &, can be calculated via the following equation which takes into account multiple

internal reflections [Pan75]:

(4.4)
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where 7'(A) and R(A) are the spectral transmittance and reflectance of the sample and d is the
sample thickness, respectively.

Fourier transform infrared spectroscopy

Infrared spectroscopy is based on the absorption of infrared radiation which causes excitations
of vibrational states in the sample. Thus, an infrared spectrum provides a set of absorption
bands, depending on the exact molecular structure of organic and inorganic compounds. Fourier
transform infrared (FTIR) setups employ interferometric techniques with moving mirrors for
the collection of spectral information. The full intensity is recorded as a function of the mirror
position and than the spectrum is calculated as an inverse Fourier transform of the interferogram
[GlinO3].

In this work, infrared spectroscopy was used to gain structural information of P3HT in pure
P3HT and in mixed P3HT/Si-nc samples. For this purpose, solutions with different composi-
tions were drop-casted on a substrate which was coated with a 100 nm thick gold layer. After
the evaporation of the solvent, reflection spectra were acquired at room temperature at vac-
uum in a Bruker Vertex 70v spectrometer. The spectra were obtained in the spectral range of
370 — 5000 cm™~! with a resolution of 1 cm~! by averaging at least 1000 scans. Additionally, a
background correction was performed with an empty gold-coated sample holder.

4.2.3 Electrical characterization
Current-voltage characteristics

To investigate the carrier transport mechanisms of semiconductor contacts or junctions, current-
voltage measurements were performed. To prevent the oxidation of the organic part, the current-
voltage measurements were performed in an inert gas atmosphere of an argon filled glovebox
(H2O < 1 ppm and O; < 1 ppm).

The current-voltage characteristics were recorded with a Keithley 2400 SourceMeter which
was connected to the samples with coaxial cables and accessed by a LabVIEW program. The
voltage range was typically -1 V — +1 V to avoid damages due to too high current densities.
The voltage steps were typically 0.05 V. To exclude hysteresis effects due to trapped charges, a
delay time of up to 1 s was used between the voltage steps. For the same reason most current-
voltage characteristics were measured cyclically, i.e. two measurements, one from -1 V to +1 V
and one from +1 V to -1 V, were performed and subsequently averaged. For all current-voltage
characteristics shown in this work, the potential was applied to the front contact, that is, for
bilayer heterojunctions on the Au or ITO contact or, in the case of bulk heterojunctions, on the
ITO side of the sample.
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Photocurrent measurements

The photocurrent of the samples was measured either by spectrally resolved photoconductiv-
ity measurements, providing information over a large spectral range, or by illumination with
different high power light-emitting diodes (LED) or a halogen lamp, providing a higher light
intensity. The 150 W halogen lamp was also used to simulate the light intensity of a solar spec-
trum at AM 1.5 which is about 100 mW/cm?, even if the spectrum does not match exactly the
solar spectrum.

For spectrally resolved photocurrent measurements the samples were illuminated with mono-
chromatic light that was focused on the samples. Depending on the spectral region (200 —
3200 nm), a halogen lamp or a xenon lamp could be chosen for the illumination, where the
xenon lamp has a higher intensity at smaller wavelength. The white light is split up by the
diffraction grating of the monochromator. Behind the exit slit optical filters absorb light from
higher diffraction orders. For a higher sensitivity, the light was chopped at a frequency of
typically 5 Hz and the photosignal was recorded with a lock-in amplifier (EG&G 7260). The
sample was mounted in a cryostat under high vacuum and could be cooled down to about 90
K by liquid nitrogen for a better signal-to-noise ratio. Furthermore, when a bias illumination
with a green LED was used, the photoconductivity signal of P3HT could be enhanced, as traps
were filled by charge carriers. The typical bias voltage for an efficient extraction of the photo-
generated charge carriers was -1 V. A Keithley 617 electrometer was used as voltage source and
the photocurrent was detected either by a current amplifier SR570 from Stanford Research or
by a variable load resistance. The recorded spectra were normalized by dividing by the lamp

spectrum recorded with a pyrometer at the sample position.

For the photocurrent measurements with high light intensity at a certain wavelength, different
high power LEDs were used. A green LED with a center wavelength of A = 525 nm was used
to selectively excite the P3HT, which exhibits a maximum in the absorption of 1.3 x 10°> cm™!
at that wavelength. However, for thick P3HT layers, nearly no photons are transmitted through
the layer, which for certain measurements is not desired. Thus, for heterojunctions, where
both semiconductors should be excited and which are illuminated through a P3HT layer, a
wavelength would be favorable where P3HT is excited but still photons are transmitted to the
heterojunction. For this purpose a red LED with a center wavelength of A = 655 nm was
used, as this wavelength lies near the onset of the absorption of P3HT. As LEDs have typical
spectral widths of about +20 nm around the center wavelength, at A = 655 nm a part of the
photons, with smaller wavelengths than 655 nm, will be absorbed mainly in the P3HT, while
the rest will reach the underlying inorganic semiconductor. Furthermore, an infrared LED with
a center wavelength of A = 810 nm is also used, where for P3HT/Si heterojunctions the light
is not absorbed in the P3HT but only in the silicon. For the illumination in the ultraviolet
spectral range, which was used for the excitation of 6H-SiC, a LED with a center wavelength
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of A =300 nm was used. The light intensity of the latter LED is about 8 mW/cm?, whereas for
all other LEDs it is about 20 mW/cm?. In Figure the center wavelengths of the LEDs are
shown together with the absorption coefficients of the semiconductors which were used in the

investigated bilayer heterojunctions.
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Figure 4.6: Center wavelengths of the high power LEDs shown together with the absorption

coefficients of the semiconductors used for hybrid bilayer heterojunctions.

Current-temperature measurements

Temperature-dependent measurements of the current-voltage characteristics were performed
under high vacuum in the cryostat of the photocurrent setup which could be cooled down to
about 90 K by liquid nitrogen. To measure the small currents at low temperatures, a Keithley
617 electrometer was used. In principle, it is also possible to heat the sample and to measure
at elevated temperatures above room temperature with the employed setup. However, to avoid
changes in the P3HT morphology, measurements were only performed far below temperatures
of about 100 °C, where structural changes of P3HT start to appear [[Coa03a, Ma0J].

4.2.4 Electron spin resonance experiments
Electron spin resonance

Electron spin resonance (ESR) is a powerful tool to gain information about the density and the

nature of paramagnetic defects. The measurement method relies on the Zeeman effect, which is
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the splitting of the degenerate energy level of an unpaired electron when an external magnetic
field, By, is applied. When photons of the energy Av are absorbed by paramagnetic states in the
lower energy level, they are excited to the higher energy level by a spin flip. From the intensity
of the absorbed photons the density of paramagnetic states can be determined, while the photon
energy and the external magnetic field are characteristic for the spin state which is involved in

the transition:
hv = AE = gugBy. 4.5)

Here, g is the characteristic g-factor of the paramagnetic state and ug is the Bohr magneton.
For magnetic fields of 1 T, which are typical for ESR experiments, the energy required for a
spin-flip of a free electron with g ~ 2.0023 lies in the spectral range of microwaves (Vv ~ 9
GHz). For electrons in atoms which are assembled in a solid, non-zero orbital angular momen-
tum contribute to the g-factor as well as the influence of the crystal fields, which leads to a
g-factor that deviates from the g-factor of the free electron. Thus, the g-factor is a fingerprint
of paramagnetic states in solids, e.g. defects in a crystal. A schematic view of the microwave
absorption and a subsequent spin-flip at the resonant magnetic field, Byes, is shown in Figure 4./

(a) in a so-called Breit-Rabi diagram.

(b)
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Figure 4.7: (a) Schematic view of the microwave absorption and a Breit-Rabi diagram showing
the resonance condition for microwave absorption during ESR experiments. (b) Experimental

setup for ESR experiments.

In Figure (b), a schematic view of the ESR setup is shown. From the microwave source, the
microwave is coupled via a tubular waveconductor to a 3 dB splitter, which splits half of the sig-
nal to the upper reference arm, and the other half to the lower sample arm, where the microwave
is coupled into the cavity resonator, where the sample is mounted, by a circulator. The cavity is

tuned critically, so that no microwave is reflected from the cavity. Only under resonance condi-
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tions microwave power is reflected from the cavity. The microwave fraction which is reflected,
is led to another 3 dB splitter, where the signal is combined with the microwave of the reference
arm. The combined microwave power is then detected by a diode. In the reference arm, the
microwave passes a phase shifter and an attenuator, which can also be found in the sample arm.
To increase the signal-to-noise ratio, a lock-in amplifier is used. For this reason, the magnetic
field is modulated by two Helmholtz coils on each side of the resonator.

The ESR measurements were performed in a Bruker continuous wave X-band spectrometer of
about 9.4 GHz using a magnetic field modulation at 100 kHz for the lock-in detection. The
sample is mounted in a helium flow cryostat where temperatures from room temperature down
to 5 K could be achieved. Typical magnetic fields of 327.5 —332.5 mT were applied. The
g-factor was calibrated using a di-phenyl-picryl-hydrazyl reference, which has a g-factor of g =
2.0036. The spin density was calibrated with a phosphorus-doped crystalline silicon reference

sample.

Light-induced electron spin resonance

When the paramagnetic centers, which can be detected by ESR, are induced by excitation with
light, this is called light-induced electron spin resonance (LESR). This technique is especially
interesting for composites, where a photo-induced charge transfer takes place upon illumination,
e.g. in organic solar cells. In addition to the creation of paramagnetic centers by the white light
illumination, via illumination with different wavelengths different paramagnetic species can be
be selectively investigated. Furthermore, the decay of the light-induced signal can be monitored
and, thus, also information about the recombination kinetics of the paramagnetic states can be

obtained.

The illumination of the LESR samples was performed with a Schott KL. 1500 LCD cold light
source from Zeiss with a 150 W halogen lamp through a band pass filter which only transmits
light between 340 and 680 nm. In addition, the samples were illuminated by LEDs with different
wavelengths to gain spectral information. The light was coupled into the cavity by a bundle of

flexible glass fibers.

Electrically detected magnetic resonance

In contrast to the conventional detection of ESR, in electrically detected magnetic resonance
(EDMR), the transitions between Zeeman levels are observed as a change in the electrical con-
ductivity of the sample. Responsible for the change of the conductivity are spin-dependent
recombination and hopping processes. Such processes become spin-dependent whenever they
include steps whose probabilities are determined by spin selection rules, such as the Pauli prin-
ciple. Furthermore, the conductivity can also change due to spin-dependent scattering, where
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the scattering cross-section is dependent on the mutual spin orientation of the two scattering
partners. The advantages of EDMR are its very high sensitivity, which can be orders of magni-
tude higher than ESR, and its selectivity, as EDMR is only sensitive to paramagnetic centers in

the current path.

The EDMR spectra in this work were recorded under white light illumination and a bias voltage
of 30 V which was applied with a Hewlett Packard E3612A voltage source. The current through
the sample was pre-amplified and converted into a voltage with a Stanford Research SR570 cur-
rent amplifier. The output of the current amplifier was then forwarded to the Stanford Research

SR830 lock-in amplifier, which was also used for the standard ESR measurements.
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5 Hybrid Bulk Heterojunctions with
Silicon Nanocrystals

In this chapter hybrid bulk heterojunctions with silicon nanocrystals will be investigated and
their application as solar cell devices will be demonstrated. In Section[5.1] the morphology and
the optical properties of composites of P3HT and silicon nanocrystals will be characterized. In
Section [5.2] the photo-induced charge transfer between silicon nanocrystals and organic semi-
conductors will be investigated with light-induced electron spin resonance experiments. The
solar cell properties of hybrid bulk heterojunctions will be summarized in Section[5.3] In Sec-
tion [5.4] imprint lithography of silicon nanocrystals will be discussed and applied to produce

ordered bulk heterojunction solar cells with structured silicon nanocrystal layers.

5.1 Optical properties and morphology

5.1.1 Optical properties

The use of inorganic nanoparticles in hybrid compounds for photovoltaic applications has sev-
eral reasons which have been described in Subsection [2.3.3] One point is the enhancement of
the absorption spectrum due to the inorganic part. This argument also holds for bulk heterojunc-
tions with silicon nanocrystals, which absorb in a much broader spectral region when compared
to organic semiconductors, as can be seen from the absorption spectra shown in Chapter [3]
In typical P3BHT/PCBM solar cells, the absorption takes place to a large part in the P3HT, as
the PCBM does only significantly contribute to the photocurrent in the UV spectral range (see
Figure [3.6). However, this is only a small fraction of the photocurrent as the solar radiation
decreases drastically at wavelengths below 450 nm (see Figure[2.7). In contrast, a bulk hetero-
junction made of P3HT and silicon nanocrystals (P3HT/Si-nc) also absorbs in the energy range
below the HOMO-LUMO transition of P3HT, due to the contribution of the silicon nanocrys-
tals.

For a direct comparison, in Figure[5.1|the absorption coefficients of a pure P3HT layer (dashed
line), a pure silicon nanocrystal layer (dotted line), and of a P3HT/Si-nc composite layer (solid
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line), which was mixed in a 1:1 ratio, are shown. The silicon nanocrystals have an average diam-
eter of 18 nm and are doped with phosphorus to 6.5 x 10! cm™ (nanocrystal sample 270307).
The absorption coefficients for the mixed layer and for the P3HT layer were calculated from re-
flection and transmission measurements and the absorption spectrum of the silicon nanocrystal
layer was taken from Reference [LecO8a]. The absorption of the P3HT/Si-nc layer was normal-
ized to the pure silicon nanocrystal layer as the determination of the film thickness for mixed
P3HT/Si-nc layers is difficult due to the high surface roughness (see Subsection[5.1.2). All three
layers were deposited on a glass substrate via spin-coating. From the figure one can see that the
absorption of the P3HT layer strongly decreases for wavelength larger than about 650 nm, while
the P3HT/Si-nc layer additionally absorbs significantly in the wavelength range above 650 nm,
following the absorption coefficient of the silicon nanocrystals. Thus, the silicon nanocrystals
enhance the absorption range of P3HT/Si-nc bulk heterojunctions into the near-infrared spectral

region, when compared to pure P3HT.
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Figure 5.1: Absorption coefficients of a P3HT, a silicon nanocrystal and a P3HT/Si-nc layer.
The P3HT/Si-nc spectrum is normalized to the silicon nanocrystal spectrum which is taken from
Reference [Lec0O8al].

As an additional feature, in the pure P3HT layer (Figure [5.1| dashed line) a fine structure in
the T — * transition around the absorption peak, including a shoulder at a wavelength of about
600 nm, is visible. This fine structure results from vibronic transitions, which only do appear
in presence of crystallinity, reflecting a high fraction of ordered phase and therefore a high
conjugation length in the polymer [Sun89]. But also in the mixed layer (Figure [5.1] solid line),
this shoulder can be seen. This shoulder is not as pronounced as in the P3HT layer, showing that

the incorporation of the silicon nanocrystals shortens the conjugation length of the P3HT while
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Figure 5.2: AFM images of (a) a P3HT layer, P3HT/Si-nc composite layers with different

mixing ratios of (b) 1:1 and (c) 1:5, and (d) a silicon nanocrystal layer.

maintaining a certain degree of order in the P3HT phase. That the mixing of the P3HT with the
silicon nanocrystals reduces the order in the P3HT is also indicated by the moderate increase of
the dark ESR polaron defect density by a factor of 2 in P3HT/Si-nc samples when compared to
pure P3HT or to a P3HT/PCBM sample, as will be shown later on in Section[5.2}

5.1.2 Morphology

AFM measurements

To get an insight in the morphology of bulk heterojunctions with P3HT and silicon nanocrys-
tals, AFM images were taken. In Figure [5.2] AFM micrographs of a pure P3HT layer (a),
and of P3HT/Si-nc composite layers with mixing ratios of 1:1 (b) and 1:5 (c), and a silicon
nanocrystal layer (d) with a size of 10 x 10 um? are shown. The P3HT is covering the complete
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Substrate

Fracture face

Figure 5.3: SEM images of a P3HT/Si-nc bulk heterojunction. In (a) the surface of the sample

can be seen, while (b) shows a magnification of the cross section view.

substrate and makes a relatively smooth layer with maximum height values of 30 nm, which
is in accordance with AFM images of P3HT in the literature [Sca08|]. The AFM images of
the layers with silicon nanocrystals (b)-(d), in contrast, show a height scale of 300 — 500 nm,
with a large surface roughness. This fact can be explained by the deposition of agglomerates of
silicon nanocrystals, which is in accordance with the previous observed aggregation of silicon
nanocrystals [Lec08a]. For samples with a weight ratio of 1:1, the aggregation of the silicon
nanocrystals is obvious from the AFM image, leading to large sample areas which are covered
only with P3HT. The P3HT is visible as a randomly oriented filament structure in the magnifi-
cation of Figure[5.2](b), where a higher contrast has been chosen. The visible filament structure
is due to © — 7 interaction and a perpendicular alignment of the molecules to the substrate
[Sca08]. With a higher silicon nanocrystal content, as shown in Figure @ (c), also a higher
silicon nanocrystal coverage of the substrate is achieved, similar to the pure silicon nanocrystal
layers of Figure[5.2](d).

SEM measurements

A further possibility to investigate the morphology of a P3HT/Si-nc bulk heterojunction is
scanning electron microscopy (SEM). For SEM images, a P3HT/Si-nc bulk heterojunction was
mixed with a ratio of 1:1 and spin-coated onto a glass substrate which was partly coated with
ITO. The samples were cleaved at cryogenic temperatures, achieving relative sharp fracture
faces. In Figure[5.3] the surface (a) and a magnification of the cross section view (b) is shown.
The surface of the sample exhibits a similar structure as the AFM pictures in Figure [5.2] In
particular, the aggregation of silicon nanocrystals on only a part of the sample area is obvious
from the SEM image. In the upper part of the magnification of the cross section in Figure [5.3]
(b), the mixed layer, which was deposited onto an about 150 nm thick ITO layer on a glass

substrate, is clearly visible. The silicon nanocrystal agglomerates, which appear as round struc-
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)

Figure 5.4: SEM cross section images of P3HT/Si-nc bulk heterojunctions with as-received (a)
and HF-etched silicon nanocrystals (b).

tures, have larger diameters compared to the mean diameter of 23 nm of the single nanocrystals
(nanocrystal sample 040407). This is in agreement with the findings of silicon nanocrystal ag-
glomerates exceeding the particle diameter [LecO8a]. The P3HT, which is not structured, is
located between the silicon nanocrystals and also covers the ITO layer. Thus, no phase separa-
tion on a large scale takes place and both components are mixed. However, due to the size of
the silicon nanocrystal agglomerates, a blending on the scale of only a few nanometers, which
would be desirable for exciton splitting in a hybrid solar cell, is not achieved. The fine structure
of the small light dots which are visible even on the glass surface are artefacts of the gold layer,
which was sputtered onto the sample to avoid charging effects. The lower part of Figure[5.3](b)
exhibits an about 40 — 50 nm thick P3HT layer on top of the ITO. Here the silicon nanocrystals
are not incorporated in the layer. Nevertheless, the substrate is covered with a P3HT layer, as
could already be observed in the AFM image of Figure[5.2](b). Thus, already with a 1:1 mixing
ratio it seems that at least a short-circuit from the ITO to a top contact could be avoided by the
P3HT layer.

As described in Subsection[4.1.1] the etching of the silicon nanocrystals with hydrofluoric acid
(HF) leads to a removal of the natural oxide. This may have an influence on the charge transfer
between the nanocrystals the P3HT and will be investigated in Sections[5.2)and[5.3] In addition,
the etching step also leads to a termination of the nanocrystal surface with hydrogen [Ste08].
Thus, the question arises how a change in the surface termination changes the morphological
properties of bulk heterojunctions. In Figure 5.4, SEM cross section images of blends of P3HT
with (a) as-received and (b) etched silicon nanocrystals on an ITO-coated glass substrate and
a bare glass substrate are shown, respectively. The mean diameter of the silicon nanocrystals
is 23 nm (nanocrystal sample 040407). At first glance the bulk heterojunction with the etched
nanocrystals seems to be more porous. In addition, both layers seem to exhibit a comparable
amount of silicon nanocrystals, which in both cases dominate the cross section structure. How-
ever, the cleavage of the substrates leads to severe damage of the active layer surfaces and, in
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Figure 5.5: FTIR absorption spectra of silicon nanocrystal, P3BHT and P3HT/Si-nc layers. The
magnification on the right side shows the C=C ring stretching vibrations of the thiophene rings

in pure P3HT and in a P3HT/Si-nc bulk heterojunction sample.

contrast to the substrate, no smooth cross section surface is achieved. Taking this into account,
it is difficult to conclude from Figures [5.4](a) and (b) if the etching has an influence on the in-
termixing behavior and on the porosity. The different height of the active layer is also not a sign
for a different blending behavior, as the AFM and SEM images above show a large variation in

the height of the active layer.

FTIR measurements

To further quantify the decrease of the order of P3HT upon mixing with silicon nanocrystals,
as already discussed in Subsection [5.1.1) FTIR measurements were performed in reflection. In
Figure [5.5] the FTIR absorption spectra for silicon nanocrystals (sample 100406), P3HT and
mixed P3HT/Si-nc layers are shown for wave numbers between 3200 and 500 cm™'. The broad
band at 1100 cm ™! originates from the O stretching of Si-O-Si bonds at the surface of the silicon
nanocrystals [SteO8] and, therefore, appears only in the silicon nanocrystal containing layers
(dotted and solid line). The pure P3HT layer (dashed line) shows various bands such as the
aromatic C-H out-of-plain vibrations at about 820 cm™! and the aliphatic C-H stretching modes
at 2850, 2920, and 2950 cm~! [Che93]]. Furthermore, several peaks due to C=C stretching
vibrations are visible at around 1500 cm™!.

the symmetric C=C ring stretching vibration at about 1460 cm™! to the asymmetric C=C ring
~1

These peaks, in particular the intensity ratio of

stretching vibration at about 1510 cm™ ", are indicative for the conjugation length in the polymer
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backbone [Fur87]]. In our case, as shown in the magnification on the right side of Figure[5.5] the
ratio of the peak areas of the symmetric to the asymmetric C=C ring stretching vibration in pure
P3HT is 3.7, while for the P3HT/Si-nc mixture it is 6.2. This indicates a smaller conjugation
length of the polymer backbone in the case of the P3HT/Si-nc mixture. This can be explained
by the mixing of the P3HT with the silicon nanocrystals. Both values agree with the values of
3.2 for regioregular P3HT and 5.3 for regiorandom P3HT which were found by Pandey et al.
[Pan00]. In addition, these authors observe a decrease in the hole mobility of about one order
of magnitude when comparing regioregular and regiorandom P3HT, which is explained by a
less efficient polymer chain packing in the regiorandom P3HT. In our case, the decrease of the
conjugation length is not due to a decrease in the regioregularity but due to the incorporation of
the silicon nanocrystals, which most probable disturb the polymer chain alignment and thus do

limit the 7-conjugation.

From the measurements in this section, we can suggest a typical morphology of the P3HT/Si-nc
blends, as shown in Figure[5.6] The silicon nanocrystals are aggregated in larger agglomerates
and the P3HT is dispersed between the agglomerates. The formation of large P3HT domains
is hindered by the mixing with the silicon nanocrystals, which leads to a reduced conjugation
length. Furthermore, the height of the active layer does vary significantly and larger areas of

the substrate surface are not coated with silicon nanocrystals at all. However, they are covered

with P3HT.

Agglomerates of silicon nanocrystals

Substrate

Figure 5.6: Schematic view of the morphology of P3HT/Si-nc blends.

These conclusions are valid for spin-coated layers, while the bulk heterojunctions which were
made for ESR experiments via the slow evaporation of the solvent of the mixed solutions in a
quartz tube on the timescale of hours (see Subsection 4.1.1)) may have a different morphology.
As it was not possible to extract samples from the ESR quartz tubes without their destruction, no
information on the morphology of the ESR samples, which will be discussed in the next section,
was available. However, due to the slower evaporation a stronger phase separation between the
silicon nanocrystals and the P3HT may occur.
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5.2 Photo-induced charge transfer detected via

light-induced electron spin resonance

The most crucial point in hybrid solar cells is the efficient charge transfer between the electron
donor and the electron acceptor, which can in principle be investigated by various experimental
techniques such as photocurrent yield spectroscopy, photo-induced absorption, or light-induced
electron spin resonance (LESR) [Pie04]]. LESR is especially useful for the spectroscopy of
electronic states, which are directly or indirectly populated under the influence of external il-
lumination. LESR experiments already have provided direct evidence for charge transfer as
opposed to energy transfer in organic solar cells [Sar92, DCO1,|/AI05] and in hybrid composites
with CdSe nanocrystals [Pie04] due to the different g-factors of the photogenerated states. Thus,
in this section, we will study the photo-induced charge transfer between silicon nanocrystals and
P3HT or PCBM via LESR measurements.

5.2.1 Hybrid composites with silicon nanocrystals and P3HT or
PCBM

P3HT and PCBM

Before the ESR and LESR measurements on hybrid composites with silicon nanocrystals are
highlighted, ESR and LESR experiments on pure organic and inorganic samples are discussed.
In Figure the ESR (solid line) and LESR (dash-dotted line) spectra are shown for (a) pure
P3HT and PCBM and (b) a P3BHT/PCBM bulk heterojunction measured at 5 K. The spectra
in (a) were scaled up by a factor of 10 for a better comparison with the P3BHT/PCBM spectra
in (b). The measurements were performed at 5 K, as the ESR signal amplitude increases and
the peaks narrow towards lower temperatures especially for the fullerenes, which could not
be detected via LESR at room temperature. This has also been observed in organic polymer-
fullerene composites [Sar92, [DCO1, Kri07] and in Cg, ions [Ree00]. The LESR measurements
were performed with a white light source as described in Subsection4.2.4] The preparation of
the samples for the LESR experiments by drying of the solutions in quartz tubes is described in
detail in Subsection 4. 1.1l

In Figure (a) a clear dark signal can already be observed for pure P3HT, which increases
upon illumination. The g-factor of the P3HT sample can be determined to g = 2.0020, which
can be attributed to positive polarons in P3HT (P™). For the dark ESR signal of PCBM in Figure
(a) only a weak broad signature can be observed, while under white light illumination two
clearly distinguishable peaks appear. The larger peak with a g-factor of g = 2.0001 can be
attributed to negative PCBM anions (PCBM ™) [Ree00]. Both g-values for the P™ and for the
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Figure 5.7: ESR (solid line) and LESR spectra (dash-dotted line) of pure P3HT and PCBM (a)
and of a P3HT/PCBM (1:1) composite (b) measured at 5 K. The spectra in (a) were scaled up

by a factor of 10 for a better comparison with the spectra in (b).

PCBM™ as well as the corresponding peak-to-peak linewidths, ABy,, which are specified in
Table agree with the literature values of g = 2.002 for P* and g = 2.000 for PCBM ™
[DCO1, IAIOS, Mar06]. The dark ESR signals observed in pure P3HT and PCBM samples can
be attributed to defects, for instance chain ends, sp3—defects, or impurities [Mur98, [DCO1]].
Under illumination in P3HT also an interchain charge transfer takes place [DCO1]]. The origin
of the LESR features in pure PCBM is unknown. One suggestion is a possible intramolecular

charge transfer from the side groups onto the fullerene [Dya99].

In the P3BHT/PCBM composite sample, shown in Figure (b), the total number of paramag-
netic states increases by more than one order of magnitude under illumination. The densities
of paramagnetic states in the dark are 2.5 x 10'® g~! for P* and 8.9 x 101> g~! for PCBM ™.
Both increase under illumination to the same value of 5—6 x 10!7 g~!. This increase is a strong
evidence of light-induced charge transfer between P3HT and PCBM [Sar92, |A105]]. To quantify
the total number of spins, we have confirmed by variation of the microwave power and the tem-
perature, that the ESR measurements were done in an unsaturated regime and that the magnetic
susceptibility follows a Curie law. The typical microwave power used for ESR measurements
was between 0.002 mW and 0.02 mW, while a modulation amplitude of about 1 —2 G was
used.

The process of the photo-induced charge transfer is depicted schematically in Figure [5.§] (a).
In Figure [5.§] (b), the energy levels of P3HT and PCBM are shown, where the curved arrow
indicates the electron transfer and the small vertical arrows illustrate the detected paramagnetic
states. The absorption of the photons mainly takes place in the P3HT due to its higher absorption

coefficient. The created excitons can than diffuse to the interface between P3HT and PCBM and
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Figure 5.8: (a) Schematic view of the photo-induced electron transfer from P3HT to PCBM,
taken from Reference [Dyel0b]. (b) Schematic view of the energy levels of P3HT and PCBM.
The curved arrow indicates the transter direction of electrons while the small vertical arrows

illustrate the generated paramagnetic states, which are detected via ESR.

can be dissociated by an electron transfer to the PCBM which acts as electron acceptor. Thus,
a P™ in the P3HT and a PCBM ™ in PCBM are created, which both are paramagnetic states and
can be detected via ESR.

Silicon nanocrystals

The ESR (solid line) and LESR (dash-dotted line) spectrum of a silicon nanocrystal sample,
which is made from undoped silicon nanocrystals (nanocrystal sample 100506) with a mean
diameter of about 33 nm, are shown in Figure (a). The measurements were done at a tem-
perature of 5 K. The silicon nanocrystal sample, which is made by a dispersion fabricated by
ball-milling, exhibits an asymmetric signal with a g-value of g = 2.0065. This is in agreement
with previous results, where the spectrum of silicon nanocrystals displays typically a broad res-
onance centered at about g ~ 2.006, which originates from different configurations of silicon
dangling bonds [SteO8]]: The spectrum of as-received silicon nanocrystals is a superposition of
an isotropic resonance centered at g = 2.0055 originating from silicon dangling bonds in a disor-
dered environment and an axially symmetric powder pattern with g; =2.0088 and g| =2.0021
due to silicon dangling bonds, so called P;, centers, at the interface between the crystalline core
of the silicon nanocrystals and their native oxide shell [BauO6b, Per07, [Ste07]. The density of
the silicon dangling bonds is strongly increased by about one order of magnitude due to sur-
face damage produced by the ball milling process used to disperse the silicon nanocrystals, as
described in Subsection {.1.1] [Per07, LecO8b]].
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Figure 5.9: (a) ESR (solid line) and LESR (dash-dotted line) spectrum of a silicon nanocrystal
sample. (b) Scheme of a silicon nanocrystal and its energy levels. The silicon dangling bonds

(Si-db), which are partially compensated by photo-induced charge carriers, are indicated.

The paramagnetic silicon dangling bond density observed by ESR decreases reversibly from
9.0x10' g=! t0 6.5 x 10'7 g~! during illumination due to the compensation of neutral silicon
dangling bonds by photoexcited charge carriers. This is shown schematically in Figure
(b). The compensation of silicon dangling bonds is only observed at low temperatures, as at
room temperature the much faster recombination of light-induced charge carriers from charged

dangling bonds with photoexcited holes prevents a steady state compensation.

Hybrid composites of silicon nanocrystals and P3HT or PCBM

In Figure the spectra of ESR (solid line) and LESR (dash-dotted line) measurements,
which were performed on composites of silicon nanocrystals with P3BHT or PCBM, are shown.
The measurements were done at a temperature of 5 K with undoped silicon nanocrystals with
a mean diameter of 33 nm (nanocrystal sample 100506). In the upper part of the figure, two
signals of the silicon dangling bonds with g = 2.0063 and ABy, = 8.0 G and of the P™ with
g = 2.0024 and ABp, = 3.0 G can be observed. Upon illumination, the P* signal, which is
already visible in the dark spectrum, increases strongly from 6.2 x 106 g=1 t0 2.8 x 10'7 g~1.
A light-induced charge generation, followed by charge separation between the P3HT and the
silicon nanocrystals resulting in P* on the P3HT can explain the observed LESR spectrum. In
the equilibrium of charge generation and recombination, the LESR density of P of 2.8 x 10!”
g~ 1 is only a factor two lower than the density of 6.0 x 1017 g~! obtained for photo-induced
P in the P3BHT/PCBM reference sample. This implies that the degree of the charge separation

in the hybrid P3HT/Si-nc composite is roughly comparable to that of the P3HT/PCBM system.
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Figure 5.10: ESR (solid line) and LESR (dash-dotted line) spectra of P3HT/Si-nc and
PCBM/Si-nc composite samples measured at 5 K. The spectra of the P3HT/Si-nc sample were
scaled up by a factor of 1.8.

The silicon dangling bond signal decreases from 1.5 x 10'® g~ to 1.0 x 10'® g=!. Such a
decrease of the silicon dangling bond signal of about 30 % has already been observed in the pure
silicon nanocrystal sample shown in Figure [5.9) and thus takes place without the P3HT. After
switching off the illumination of the P3HT/Si-nc sample, the P" signal decreases slowly on a
timescale of minutes, following a stretched exponential decay, without reaching the dark signal
even after 1 h. Only after heating up the sample above room temperature the persistent P* signal
vanishes. This indicates that the holes are trapped in the P3HT and can only recombine via
thermal excitation. However, the silicon dangling bond signal decreases instantaneously after
switching off the light and stays constant afterwards. The dynamics of the charge generation
and recombination in P3HT/Si-nc samples at room temperature will be discussed in detail in
the next Subsection [5.2.2

Furthermore, when comparing the dark ESR P densities in a pure P3HT sample and in the
mixed P3HT/Si-nc sample, which are listed in Table an increase of the defect density in the
P3HT by a factor of 2.5 is observed. In Subsection a decrease of the conjugation length
of P3HT upon mixing with the silicon nanocrystals has already been observed by absorption
measurements in the visible and infrared spectral region. Thus, we can conclude that the re-
duced conjugation length due to the lower order of the P3HT in the composite sample and not a
chemical reaction between the P3HT and the silicon nanocrystals is the origin of the additional
defects of the P3HT in the P3HT/Si-nc samples, which have been detected by ESR.
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5.2. Photo-induced charge transfer detected via light-induced electron spin resonance

Both spectra of the P3HT/Si-nc sample, which was prepared with the same amount of silicon
nanocrystals as the PCBM/Si-nc sample, were scaled up in Figure [5.10] by a factor of 1.8,
which is the difference in the measured silicon dangling bond density of the two samples. The
lower silicon dangling bond signal in the P3HT/Si-nc sample can be explained by a different
distribution of the silicon nanocrystals in the sample tube after the evaporation of the solvent.
We have observed that due to this effect the silicon nanocrystals are at a different position in the

microwave resonator and the signal may vary by a factor of up to 2.

In the lower part of Figure [5.10] the ESR (solid line) and the LESR (dash-dotted line) spectra
of the corresponding PCBM/Si-nc composite sample are shown. In the ESR spectrum only the
silicon dangling bond signal with g = 2.0064 and AB,,, = 8.1 G is observed, while in the LESR
spectrum a second signal with ¢ = 2.0001 and AB,,, = 1.6 G appears, which is attributed to
photo-induced PCBM™. Again, the silicon dangling bond density is reduced to about 60 %
of the dark silicon dangling bond density upon illumination, in this case from 2.8 x 10'® g~!
to 1.6 x 10'8 g=!. The appearance of the PCBM~ signal in the LESR spectrum can again
be understood by light-induced charge generation and separation, this time between the sili-
con nanocrystals and the PCBM, resulting in the formation of PCBM™. It was found that the
PCBM ™ density in the illuminated PCBM/Si-nc sample is 7.4 x 10'® g=! while no PCBM ™
signal was detectable in the dark. This density is smaller than the light-induced PCBM™ den-
sity in the PAHT/PCBM sample of 5.0 x 10!7 g~!, but still significantly higher than the PCBM ™~
density of 6.8 x 10" g~! under illumination in the pure PCBM sample. We can estimate the
generation rate of the PCBM/Si-nc sample to about 3 x 10?? cm~3s~!, while for the P3HT/Si-nc
sample it is about 1 x 10> cm™3s~! due to the higher absorption (see Figure of P3HT in the
P3HT/Si-nc sample. For the P3HT/Si-nc and PCBM/Si-nc composite samples and the P3HT,
PCBM, P3HT/PCBM, and silicon nanocrystal reference samples the corresponding g-factors,
the peak-to-peak linewidths AB,,,, and the ESR as well as the LESR spin densities are summa-
rized in Table 511

In principle, in the silicon nanocrystals photo-induced conduction band electrons should also
be observed for LESR measurements in P3HT/Si-nc samples. Such conduction band electrons
have a g-value of g = 1.9995 as measured by Young et al. in crystalline and porous silicon
[You97b, [You97a]. However, for silicon nanocrystals these conduction band electrons could
only be observed via EDMR and not by ESR measurements, as with EDMR measurements a
higher sensitivity is achieved [KleO8|]. For holes, which do remain on the silicon nanocrystals
after photo-induced charge transfer in the case of PCBM/Si-nc samples, also no LESR signal
is observed. This can be explained by a line broadening, which is due to a splitting of the
degenerate ground state by inhomogeneous strain, which makes it very difficult to observe
holes and shallow acceptor centers even in bulk crystalline silicon [Neu78]. The additional
photo-induced charge carriers in the silicon nanocrystals could also compensate silicon dangling

bonds and, thus, reduce the silicon dangling bond density. However, for our measurements
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Sample Signal  g-factor AB,,(G) ESR density (g=") LESR density (g7 1)

P3HT Pt 2.0020 3.4 2.4x1016 3.1x10!6
PCBM PCBM~ 2.0001 1.6 1.8x 1013 6.8 x 101
Si-nc Si-db  2.0065 8.1 9.0x10!7 6.5 x 1017
P3HT/PCBM pt 2.0025 3.0 2.5x10!6 6.0 x 107
P3HT/PCBM PCBM~  2.0002 1.6 8.9x 101 5.0 x 107
P3HT/Si-nc  Si-db  2.0063 8.0 1.5x10'8 1.0 x 1018
P3HT/Si-nc Pt 2.0024 3.0 6.2x 101 2.8 x 10!
PCBM/Si-nc  Si-db  2.0064 8.1 2.8x10!8 1.6 x 108
PCBM/Si-nc PCBM~  2.0001 1.6 — 7.4% 101

Table 5.1: Overview of the g-factor, the peak-to-peak linewidth ABy,, the ESR and the LESR
spin densities for all samples at 5 K. The origins of the respective paramagnetic states are listed

in the second column.

we do not observe such a reduction. Thus, the additional charges in the silicon nanocrystals
either compensate the silicon dangling bonds to an amount which cannot be observed within
the accuracy of our measurements, or are in the conduction or valence band, or are trapped in

shallow traps such as band tail states.

In Figure [5.T1] the light-induced charge transfer and the detected paramagnetic states are illus-
trated for (a) P3HT/Si-nc and (b) PCBM/Si-nc samples. Furthermore, the positive P state on a
P3HT chain and the negative PCBM™ state are also sketched in the figure. The difference in the
size of the silicon nanocrystals and the organic counterparts is also illustrated. Considering the
smaller structural size of the organic components and the high flexibility of the polymer chains,

a good coverage of the silicon nanocrystal surface should be provided, as also illustrated in

Figure[5.6

Position of the energy levels at the organic/silicon nanocrystal interface

In Figure [5.12] (a) the conduction and valence band of silicon as well as the LUMO and the
HOMO of P3HT are displayed, based on the average of the literature values given in Section
The curved arrows indicate the possible transfer directions of electrons and holes, while the
vertical arrows illustrate the detected paramagnetic states. Yet, a complete oxide shell on the
surface of the silicon nanocrystals, which would work as an insulator between the organic and
the inorganic part, would not allow a charge transfer. However, the charge transfer, as observed
with the LESR measurements, is very efficient. There are two explanations for the observed
behavior despite the oxide shell: First, the oxide shell of the silicon nanocrystals is not perfect
and a part of the silicon nanocrystal surface is still H-terminated and hence partly permeable for
charge carriers. This is in agreement with previous results [Kni04, LecO8a]. Secondly, a tunnel-

ing through the oxide barrier may occur especially in thinner regions of the oxide shell. Thus,
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Figure 5.11: Schematic view of (a) the electron transter from P3HT to silicon nanocrystals,
resulting in P™ on the P3HT and of (b) the electron transfer from the silicon nanocrystals to the
PCBM, resulting in PCBM .

an oxide barrier is not taken into account explicitly in the following discussion. Nevertheless,

in the next Subsection [5.2.2] the etching of the silicon nanocrystals will be discussed.

The energy levels in the Figure [5.12] are sketched with respect to the vacuum level. One could
also go one step further and assume a Fermi level alignment, as described in Section [2.2] For
undoped silicon, the Fermi level lies at 4.6 eV in the middle of the bandgap. Also a pinning
at silicon dangling bonds, which have energetic positions around the middle of the bandgap
[Stu03]], could be expected due to the high silicon dangling bond density. In any case, for
the P3HT/Si-nc heterojunction, only a slight downward shift of P3HT is expected when taking
into account the P3HT Fermi level value of 4.4 eV, as determined by CPD measurements (see
Subsection [3.2.1)). For PCBM no Fermi level value is given in the literature and it is difficult to
measure it with CPD measurements, as for PCBM no closed layers, which would be necessary
for CPD, could be achieved. However, the Cgy molecule, which determines the properties of
PCBM, has a Fermi level of about 4.5 eV [Ge07, Ish05]]. Thus, also for PCBM/Si-nc interfaces
only a negligible shift of the PCBM energy levels is expected either with Fermi level alignment
or by pinning of the Fermi level at the dangling bonds of silicon. For these reasons, the energy

levels are plotted relative to the vacuum level without any further corrections.

As can be seen from Figure [5.12] the LUMO of P3HT lies clearly above the conduction band
of silicon, enabling dissociation of excitons followed by an electron transfer to the silicon con-
duction band. However, regarding the relative positions the HOMO of P3HT and the valence
band of silicon, it is a priori not clear if a hole transfer from the silicon valence band to the
HOMO of P3HT can take place. This is mainly due to the different literature values found for
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Figure 5.12: Schematic view of the energy levels of (a) silicon nanocrystal and P3HT and of (b)
silicon nanocrystal and PCBM heterojunctions. The curved arrows indicate the possible transfer

directions of electrons and holes. The vertical arrows illustrate the detected paramagnetic states.

the HOMO of P3HT, ranging from 4.7 eV to 5.2 eV, and further possible influences on the band
alignment, e.g. interface dipoles (see Subsection [2.2.3) and the already discussed Fermi level

alignment and pinning at the silicon dangling bonds.

For the explanation of the photo-generation of the P™ in the P3HT/Si-nc system, one can con-
sider different scenarios which are schematically drawn in Figure [5.13} (1) After the light-
induced generation of excitons in P3HT, the excitons dissociate by electron transfer to the sil-
icon nanocrystals, while the holes remain in the P3HT. (2) Alternatively, an energy transfer
might occur, whereby excitons are transferred from P3HT to the silicon nanocrystals, followed
by a back transfer of the holes, as described for heterojunctions made of P3HT and amorphous
silicon [[Gow06l]. (3) A third possibility is that, after light absorption in the silicon, the holes are
transferred from the silicon nanocrystals to the P3HT. (4) A fourth process, the direct excitation
of electrons from the HOMO of P3HT into the conduction band of the silicon nanocrystals,
could also occur, as a similar process has already been observed for pure organic bulk hetero-
junctions [KonO3S]]. In any case, for all the processes described here it is required that the HOMO
of P3HT lies energetically above the silicon valence band. As we indeed do detect light-induced
P* in the P3HT, we can conclude that this requirement is fulfilled, which is a prerequisite for
solar cells based on P3HT and silicon nanocrystals. The alignment of the energy levels in hy-
brid heterojunctions with silicon and P3HT will be further investigated in Section [6.1] where

heterojunctions made of crystalline silicon and P3HT are analyzed.

The analogous argument holds for the alignment of the LUMO (3.7 — 3.8 eV) of PCBM and
the conduction band of silicon in Figure (b), where we detect PCBM™ anions in the
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Figure 5.13: Schematic view of the possible processes from which the detected photo-induced

charge transfer could follow. The different processes (1-4) are explained in the text.

PCBM/Si-nc composite during illumination. Thus, the LUMO of PCBM must be energeti-
cally lower than the silicon conduction band, allowing a transfer of electrons from the silicon
conduction band to the LUMO of PCBM. This means that the PCBM energy levels are shifted
downwards relative to the silicon bands. Despite the fact that PCBM, in contrast to P3HT, is
not such a good absorber for the solar spectrum, the PCBM/Si-nc material combination could
in principle be used for solar cell applications as well. However, when comparing the density
of photo-induced states in Table [5.1] the charge transfer efficiency is higher in the P3HT/Si-nc
sample as compared with the PCBM/Si-nc sample, making P3HT/Si-nc composites a promising
system for hybrid solar cells, which will be investigated in the next Section[5.3]

5.2.2 Further measurements on composites with silicon nanocrystals
and P3HT

As already demonstrated in the last Subsection a photo-induced charge transfer in bulk
heterojunctions made of silicon nanocrystals and PCBM or P3HT can be observed via LESR
measurements under white light illumination. As the P3HT/Si-nc system is the more efficient
system, which also has the higher absorption coefficient in the region of the solar spectrum,
further investigations will concentrate an this system. Consequently, in this subsection the
photo-induced charge transfer in the P3HT/Si-nc will be further investigated via room tem-
perature LESR measurements, the comparison with SiO; nanoparticles, and wavelength- and
time-dependent LESR measurements.
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Room temperature light-induced electron spin resonance measurements

As already mentioned, the PCBM™ signal could only be measured at low temperatures, while
the P™ signal was also observed at room temperature. This is due to the higher relaxation rate
of fullerene anions, as compared to P™, which is an intrinsic property of fullerenes [Dya99,
KonO35]]. For P3HT the room temperature measurements are shown in Figure where the
ESR (solid line) and LESR (dash-dotted line) of (a) a P3HT/Si-nc composite sample and (b) of
a pure P3HT sample are shown. The samples are prepared from the same silicon nanocrystals
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Figure 5.14: ESR (solid line) and LESR (dash-dotted line) spectra of a P3HT/Si-nc composite
(a) and a pure P3HT sample (b) at room temperature.

as used for the measurements in Figure (nanocrystal sample 100506) and show the reso-
nance of silicon dangling bonds at g = 2.0060 and of P™ at g = 2.0021. The P signal of the
composite sample increases upon illumination from 4.7 x 10'® g~ to 1.3 x 10'7 g~!, exhibit-
ing a similar increase as for the measurement at 5 K. Also the value of the pure P3HT sample,
which increases from 1.1 x 10'® g=! to 2.1 x 10'6 g~! upon illumination, exhibits a similar
value as at 5 K. The spectra of the silicon dangling bonds show a slightly different structure,
which may be due to different contributions of the different dangling bonds. As mentioned
above, only a slight compensation effect of the silicon dangling bonds at room temperature is
observed due to a faster recombination, as also observed in pure silicon nanocrystal samples at

room temper ature.
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Sample ESR density (g~') LESR density (g7!) LESR-ESR density (g7 !)

P3HT 1.1x10!6 2.1x10!6 1.0 x 1016
P3HT/SiO,-np 8.42x 107 8.57 x 10"7 1.5x 106
P3HT/Si-nc 4.7x10 1.27 x 10" 8.0 x 1016

Table 5.2: Overview of the P* ESR, LESR, and LESR-ESR spin densities for a pure P3HT, a
P3HT/SiO;-np, and a P3HT/Si-nc sample at 295 K. For the LESR measurements the samples

were illuminated with white light.

Composites of P3HT with SiO, nanoparticles

The smaller order of the P3HT in composite samples with silicon nanocrystals has already been
discussed above. The increase of the dark ESR signal of P™ defect states by a factor of 2.5
supports this finding. However, the question arises if the LESR measurements on P3HT/Si-nc
samples only exhibit such high P densities due to defects which are generated by the silicon
nanocrystals and which are only occupied and visible upon illumination. This would mean that
the large LESR P densities are only due to the reduced order and the additional defects of the
P3HT, instead of a charge transfer between the P3HT and the silicon nanocrystals. To address
this issue, P3HT was also mixed with isolating SiO, nanoparticles (SiO»-np) in order to en-
hance the defect density without the possibility of a charge transfer. Thus, the P™ densities of a
pure P3HT and of a P3HT/Si-nc sample were compared with the P™ density of a sample which
was made of P3HT and SiO; nanoparticles. Thereby, the mixing procedure was exactly the
same for the undoped silicon nanocrystals with a diameter of 33 nm and for the Si0, nanopar-
ticles (purchased from Sigma-Aldrich) with a diameter of about 10 — 20 nm. The results are
shown in Table where the P™ ESR, LESR, and LESR-ESR spin densities for a pure P3HT, a
P3HT/Si0;-np, and a P3HT/Si-nc sample at 295 K are summarized. The LESR-ESR spin den-
sity is the difference between the LESR and the ESR spin density and is a valuable parameter to
quantify the additional spins created under illumination. For the LESR measurements the sam-
ples were illuminated with white light. The data for the pure P3HT and the P3HT/Si-nc sample
are taken from the previous measurements in Figure [5.14]at 295 K. As already stated, in dark
ESR measurements the P density in the P3HT/Si-nc sample is already higher than in the pure
P3HT sample. However, upon illumination, a stronger increase is observed in the P3HT/Si-nc
sample, as compared to the pure P3HT sample. This can directly be compared in the last row of
Table [5.2] where the LESR-ESR spin density is listed. The P3HT/SiO;-np sample, in contrast,
already exhibits a much higher ESR signal which has about the same value as the LESR sig-
nal. The reason for the higher P* densities in the P3HT/SiO,-np sample, as compared with the
P3HT/Si-nc sample, is unclear. Maybe a chemical reaction takes place between the P3HT and
oxygen, which may be located on the surface of the SiO, nanoparticles, or also between P3HT

and other molecules, which may origin from a chemical contamination during the production
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Ilumination Si-db: LESR-ESR density (g~!) P*: LESR-ESR density (g7 ')

White light 6.4 x 107 3.4 %100
810 nm 1.3 x 1017 5.9x 104
525 nm 8.5 x 1016 1.2 x 101

Table 5.3: Overview of the Si-db and P* LESR-ESR spin densities for a P3HT/Si-nc sample
at 5 K. For LESR measurements the samples were illuminated with white light or with LEDs
with wavelengths of 810 nm and 525 nm.

process. However, the LESR-ESR spin density of the P3HT/SiO;-np sample is only about 2
% of the corresponding ESR signal and is about half an order of magnitude smaller than the
LESR-ESR spin density in the P3HT/Si-nc sample. Hence, we can conclude that the disorder
in the P3HT due to the mixing with nanoparticles is not the reason for the observed enhance-
ment of the P™ LESR density in the P3HT/Si-nc sample, but that the silicon nanocrystals are

essential for the P™ enhancement which is due to a photo-induced charge transfer.

Wavelength-dependent electron spin resonance measurements of composites with
silicon nanocrystals and P3HT

In Table [5.3] the LESR-ESR densities between the LESR and the ESR signals of both, the
P* and the Si-db of a P3HT/Si-nc sample, are listed for different wavelengths. The same
silicon nanocrystals (nanocrystal sample 100506) as in the previous sections were used. The
LESR-ESR densities under white light illumination were obtained using a 150 W halogen lamp
with a cold light filter, which only transmits light between 340 and 680 nm. Furthermore,
the LESR-ESR densities were measured during illumination of the sample with LEDs with
wavelengths of 810 nm and 525 nm. All measurements were performed at 5 K for a better
signal-to-noise ratio. The wavelengths of the LEDs were chosen in such a way that they allow
a predominant excitation in only one of the two materials. At a wavelength of 810 nm only
the silicon nanocrystals absorb, while when illuminating the sample with a wavelength of 525
nm both materials absorb photons, with P3HT being the dominant component (see Figure[5.I).
As with an excitation wavelength of 810 nm P are generated, this is a clear indication that
the silicon nanocrystals act as hole donors after photo-induced charge carrier generation in the
silicon nanocrystals. This means that for holes in the silicon nanocrystals the HOMO of the
P3HT must be energetically favorable and a hole transfer from the silicon nanocrystals to the
P3HT takes place as indicated in Figure From this finding, one can also conclude that an
exciton in the P3HT can split up via an electron transfer to the silicon nanocrystals, as the hole

will stay on the P3HT due to the band alignment.

When probing the PT LESR-ESR density under the illumination by the 525 nm LED, which has
the same power of 35 mW as the 810 nm LED, the P* LESR-ESR density increases by a factor
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5.2. Photo-induced charge transfer detected via light-induced electron spin resonance

of 2 compared to the illumination by the 810 nm LED. This increase can only result from the
additional absorption in P3HT, where the P3HT acts as an electron donor. Hence, both materi-
als, silicon nanocrystals and P3HT, contribute to the photo-generated charge separation. When,
in addition, the absorption coefficients of silicon nanocrystals and P3HT at 525 nm in Figure[5.]
are compared, one finds that the P3HT absorption is about a factor of 3 higher than the silicon
nanocrystal absorption. Furthermore, at 525 nm the total number of photons is lower than at 810
nm as the two LEDs have the same intensity but different photon energies, but the overall P+
LESR-ESR density is higher at 525 nm. Thus, one can conclude that P3HT is responsible for
the larger part of the LESR signal at 525 nm. This is in accordance with wavelength dependent
photocurrent measurements of P3HT/Si-nc bulk heterojunctions (see next Section [5.3]), which
also show that most of the photo-generated charge carriers at 525 nm result from the P3HT.
However, one finds that the overall P* LESR-ESR density is much smaller than in the previous
experiments. This can be explained by an aging of the sample, which was stored for 4 weeks

and does not reach the same P LESR density as directly after its preparation.

Time-dependent electron spin resonance measurements of composites with silicon

nanocrystals and P3HT

Furthermore, not only the spectral contribution to the photo-generated charge carriers but also
the dynamics of the charge generation and separation of such P3HT/Si-nc heterojunctions is
of interest. Via time-dependent LESR measurements one can distinguish between fast charge
transfer and slow trapping processes [Hei09]]. For this purpose, in Figure[5.15|the time evolution
of the ESR and LESR signal of P was measured over a period of 4 minutes for P3HT (dashed
line), PBHT/PCBM (dotted line) and P3HT/Si-nc (solid line) samples. The measurements were
performed at room temperature, as at low temperatures persistent photo-induced states would
make the observation of larger timescales in the order of hours necessary and the change of
the silicon dangling bond density would overlap with the P™ signal which we want to observe.
The measurements start in the dark, then white light is switched on (one asterisk), off (two
asterisks) and on again. The three spectra are normalized to each other with respect to the
P value at about 120s, before the light was switched off, for a better comparison of the time
evolution. Furthermore, the dark ESR signal level is indicated by a dash-dotted line for each
sample. The silicon nanocrystals for this experiment were undoped and had a mean diameter of

21 nm (nanocrystal sample 100406).

The pure P3HT sample (dashed line) shows a qualitative different time evolution compared to
the P3BHT/PCBM (dotted line) and the P3HT/Si-nc sample (solid line). While in the mixed sam-
ples, a strong increase upon illumination can be seen, in the P3HT only a slow increase upon
illumination and, in addition, nearly no decrease after switching off the light can be observed.

This can be explained by slow trapping and recombination processes of charge carriers in traps
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Figure 5.15: Time-dependent measurements of the P resonance of a P3HT (dashed line), a
P3HT/PCBM (dotted line) and a P3HT/Si-nc (solid line) sample. The illumination is switched
on at * and switched off at **. The three spectra are normalized to each other with respect to
the P value at about 120s, before the light was switched off, and the dark ESR signal levels
are indicated by the dash-dotted lines.

of the P3HT, as in P3HT the only possibility for a dissociation of a photo-generated exciton is a
trap [Hei09]]. In contrast, the kinetics in the mixed samples exhibit a fast (< 1 s) rise and decay
of the P™ density which, hence, does not come from trap states in the P3HT. Such a behavior
accounts for the charge transfer and generation at the interface between two materials and for
the generation of mobile charge carriers [Hei09]. The separated charge carriers can recom-
bine via diffusion controlled bimolecular recombination, the so called Langevin recombination
[Pop99], and are not limited by the slow recombination from trapped charge carriers [Dya99].
Remarkably, the P3HT/Si-nc sample exhibits similar fast kinetics as the P3HT/PCBM sample,
which is a promising result for possible P3HT/Si-nc solar cells.

The results on the time dependence of the LESR signal is in accordance with the findings in Sub-
section There, it was described that the light-induced P signal is persistent over hours
at 5 K and only vanished on a short timescale by heating up the sample to room temperature,
whereas the P™ signal for mixed samples decreases without illumination as shown in Figure
[5.15] The removal of persistent spins due to thermal annealing up to room temperature has
already been described in the literature in conjugated polymer/fullerene composites [Dya99].
The slow recombination of the trapped persistent spins at low temperatures can be explained
by non-geminate recombination of randomly distributed carriers, similar to amorphous silicon
[SchO1]]. In addition, the vanishing of the LESR signal at higher temperatures also demonstrates
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5.2. Photo-induced charge transfer detected via light-induced electron spin resonance

the reversibility of the photo-induced electron transfer, and one can rule out permanent spins
from photochemical reaction products [Sar92].

Light-induced electron spin resonance measurements of composites with
HF-etched silicon nanocrystals and P3HT

To investigate the role of the oxide shell of the silicon nanocrystals LESR experiments were
performed on P3HT/Si-nc composites with HF-etched silicon nanocrystals. However, the P*
LESR signal that was observed with the HF-etched silicon nanocrystal is of the order of the
Pt LESR signal in composite samples with as-received nanocrystals. This observation may
be explained by a minor influence of the natural oxide of the silicon nanocrystals on the charge
transfer. As the oxide is not perfect and the silicon nanocrystals exhibit still some H-termination
[BauO6b], a diffusion on the nanometer scale may be enough for the excitons in the P3HT to
reach surfaces areas of the silicon nanocrystals with a leaky oxide to dissociate. However, in
electrically detected magnetic resonance (EDMR), which will be described in Subsection[5.2.3]
and in current-voltage characteristics it is observed that the conductivity of the etched silicon
nanocrystal layers increases. Nevertheless, in pure silicon nanocrystal layers, the interface area
where two silicon nanocrystals are in contact is much smaller than in hybrid composites where
the P3HT covers the whole nanocrystal. Thus, a leaky oxide may lead to large barriers at
the contact points of two silicon nanocrystals but not at the P3HT/Si-nc interface. Another
possibility would be that the HF-etched silicon nanocrystals do indeed have better charge trans-
fer properties, which are outweighed by a different morphology, where the overall interface
between P3HT and the silicon nanocrystals is smaller. However, in Figure [5.4] where the mor-
phology of P3HT/Si-nc composites with as-received (a) and with etched (b) silicon nanocrystals
is compared, no large difference could be observed. Nevertheless, the possibility of a different
morphology cannot be excluded, as the SEM micrograph only allows conclusions down to a
length scale of about 100 nm. Furthermore, the SEM images were taken directly at the break-
ing edge of the sample, which may not exactly present the bulk properties, as the cross section

surface is not flat but most probable build up along an internal P3HT/Si-nc junction.

5.2.3 Electrically detected magnetic resonance measurements

To clarify the contribution of the P3HT and the silicon nanocrystals to the charge transport,
EDMR is a promising tool. EDMR was already applied in semiconducting polymer [Swa92]
and silicon nanocrystal [SteO8]] layers to investigate the charge transport. With the EDMR tech-
nique, spin-dependent changes in the current can be detected and paramagnetic states, which
are involved in the electronic transport, can be identified. For the detection of a spin-dependent

change in the current, a certain current level is necessary. This current level is not achieved with
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undoped silicon nanocrystals, thus for this experiment phosphorus doped silicon nanocrystals
were used, as in Reference [Ste08]]. The silicon nanocrystals had a diameter of 23 nm and were
doped up to 6.5 x 10'” cm ™3 with phosphorus donors (nanocrystal sample 040407). For a fur-
ther enhancement of the conductivity, all samples were illuminated with white light during the

EDMR measurements, which leads to a noticeable photocurrent.

In EDMR experiments on phosphorus-doped silicon nanocrystals, the contribution of the sili-
con dangling bonds at a g-value of about 2.006 and a much weaker contribution of the phos-
phorus donors can be detected [SteO8]. The main paramagnetic state observed in the EDMR
signal, the silicon dangling bonds, is the same as in conventional ESR and can be assigned to
the silicon dangling bonds which are involved in the electronic transport. It has been shown
that the observed spin resonances lead to a quenching of the photocurrent under illumination,
which means that the paramagnetic states are centers for spin-dependent recombination of pho-
togenerated charge carriers [Ste08]. While to our knowledge EDMR experiments on P3HT
have not yet been made, on a similar w-conjugated system, the poly(para-phenylenevinylene)
(PPV), the EDMR signal could be measured and assigned to the paramagnetic positive polarons
[Swa92, Dya97]]. In the EDMR measurements we have performed on pure P3HT also param-
agnetic states, the P, which before have been observed only in ESR measurements, could be
detected. Hence, the P states, which are responsible for the charge transport in the P3HT, are
also responsible for a spin-dependent current change. The typically observed current change is a
decrease of the photocurrent, which is due to a spin-dependent change in the recombination rate
and also due to the spin-dependent formation of bipolarons from two polarons, where the bipo-
larons have a lower mobility than polarons [Swa92| [Cas04]. In Figure[5.16] the EDMR spectra
of two P3HT/Si-nc samples are shown. Here, the sample of the upper spectra was prepared
with as-received silicon nanocrystals and sample of the lower spectra with HF-etched silicon
nanocrystals. The upper and the lower spectra are normalized to the same P signal height for
a better comparison. The phase shifts ¢ (red line) and 8 (black line) between the lock-in refer-
ence and the EDMR signal were chosen to obtain a maximum signal for the contribution of the
P and the silicon dangling bonds, respectively. The etching of the silicon nanocrystals in the
lower spectra has been performed to probe the influence of the oxide shell on the charge trans-
port. In EDMR experiments with pure silicon nanocrystal layers, it has already been observed

that the signal-to-noise ratio is strongly enhanced upon HF-etching [Ste08]].

In the case of P3HT/Si-nc with as-received silicon nanocrystals, a large EDMR signal with a g-
value of 2.002 can be assigned to the P™, while only a small contribution of the silicon dangling
bonds with a g-value of 2.006 can be measured. Thus, most of the detected resonant current
change takes place under the participation of P™, and only a small fraction is due to the silicon
dangling bonds. When using HF-etched silicon nanocrystals for the P3HT/Si-nc sample, the
EDMR signal of the silicon dangling bonds and the P* signal amplitudes have the same values.

Thus, the contribution of the silicon dangling bonds to the resonant current change has strongly
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Figure 5.16: EDMR spectra of P3HT/Si-nc layers with as-received silicon nanocrystals (upper
spectra) and HF-etched silicon nanocrystals (lower spectra). The phase shifts o (red line) and
B (black line) between the lock-in reference and the signal were chosen to obtain a maximum
signal for the P* and the silicon dangling-bond resonances, respectively. For a better compari-
son the spectra of the two samples were normalized to the Pt signal. The silicon nanocrystals

had a mean diameter of 23 nm and were doped up to 6.5 x 10'® cm™> with phosphorus donors.

increased. Furthermore, additional phosphorus-related EDMR signatures can also be observed
due to the better signal-to-noise ratio of the silicon dangling bond signal. The first observed
feature is a peak with a g-value of about 1.999, which can be attributed to clusters of two or
more closely spaced phosphorus donors or free electrons in silicon [Cul75]]. The second feature
is a broad peak, denoted hf(*'P), which is the observed line of the typical hyperfine signature of
substitutional phosphorus in crystalline silicon, where the Zeeman states of the donor electron
are split by interaction with the 3'P nucleus [Cul75]. The low field partner line of the hf(*'P)
resonance is not observed due to the overlap with the stronger band of the silicon dangling
bonds.

First of all, the EDMR spectra show that the current transport takes place in both, the P3HT and
the silicon nanocrystals. This means that both materials are electronically active in the mixed
layers, which is an important finding and relevant for applications in solar cells. In the next
Section the contribution of the two components in P3HT/Si-nc solar cells will be demon-
strated via spectrally resolved photocurrent measurements, which supports the results of the
EDMR measurements. Additionally, when comparing the spectra of the two P3HT/Si-nc sam-
ples, the contribution of the silicon dangling bonds to the spin-dependent current change relative

to the P*-induced current change is higher in the sample with the etched silicon nanocrystals.
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Hence, the current paths through the etched silicon nanocrystals have increased compared to
the as-received sample. This is in accordance with the finding that the conductivity of silicon
nanocrystal layers increases after HF etching, as the oxide is removed [Per0O7, [LecO8al]. The
change in the transport paths due to the etched silicon nanocrystals has also a strong influence
on the current-voltage characteristics of solar cells with etched silicon nanocrystals, as will be
shown in the next Section[5.3] where an increase of the short-circuit current of P3HT/Si-nc solar

cells is found with etched silicon nanocrystals.

5.3 Hybrid bulk heterojunction solar cells with P3HT and

silicon nanocrystals

The photo-induced charge transfer between organic semiconductors and the silicon nanocrys-
tals has been demonstrated by LESR measurements. Now, the next step is the realization of
solar cells with these materials. As already mentioned, the absorption of P3HT has a larger
overlap with the solar spectrum as PCBM and also the photo-induced charge transfer in hy-
brid composites with P3HT, as determined by LESR, is more efficient than in composites with
PCBM. Thus, for solar cell applications we will concentrate on bulk heterojunctions with P3HT

and silicon nanocrystals.

5.3.1 Band scheme of solar cells made of P3HT and silicon

nanocrystals

We first consider the band scheme of P3HT/Si-nc heterojunctions to get an idea of the charge
separation and transport in such solar cells. The processes involved and the relative position
of the energy levels directly at the interface of P3HT and the silicon nanocrystals have already
been shown in Figure [5.12] (a). For a solar cell, contacts on both materials have to be added.
As described in Subsection 4.1.1} aluminum and ITO were used as contact materials for the
bulk heterojunction due to their appropriate work functions. Here, via the aluminum contact
electrons from the silicon nanocrystals can be extracted, while via the ITO contact holes from
the P3HT can be extracted. Due to the small energetic difference between the work functions
of the metals and the energy levels of the semiconductors, the energy losses at the metal/semi-
conductor junctions should be small. In addition, analogous to organic solar cells, due to the
difference in the work functions of the contacts, this combination provides an electric field over
the active layer when the contacts are connected [BraOlb]. The electric field leads to a more
efficient extraction of the charge carriers via a drift current instead of a pure diffusion current
[HopO4bf]. In Figure the complete band scheme is shown, where the energy level values

of the materials are taken without any further corrections due to possible interface dipoles or
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pinning. Furthermore, the expected charge generation and transport mechanisms are plotted
under open-circuit conditions.
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Figure 5.17: Band scheme and electronic processes of a P3HT/Si-nc bulk heterojunction solar

Energy (eV)

cell under open-circuit conditions.

5.3.2 Electrical characterization of hybrid solar cells
Bulk heterojunction solar cell with silicon nanocrystals and P3HT

The most efficient hybrid solar cells do use bulk heterojunctions [[Gue08|]. This has also been
observed in our own experiments, which show that bilayer heterojunctions have a smaller pho-
tovoltaic effect than bulk heterojunctions (see Subsection[5.4.2)). Hence, in this section we will
discuss bulk heterojunctions which are fabricated by spin-coating. We investigate both, either
only one composite layer or different layers with varying compositions on top of each other to
achieve a gradient structure. For the active layers, the composition will be given by a certain
weight ratio X:Y, where X is the P3HT and Y the silicon nanocrystal part. For gradient struc-
tures, several layers such as X1:Y1, X2:Y2, efc. are spin-coated on top of each other, where the
layer X1:Y1 is always on the ITO side. There are several advantages of the gradient structure:
Firstly, short-circuits could be minimized due to the deposition of several layers. Secondly, in
that way a pure P3HT layer is deposited on the ITO contact and a pure silicon nanocrystal layer
is deposited on the aluminum side acting as barrier for the "wrong" charge carrier type. This
means that, e.g. electrons can only be extracted from the active layer via the silicon layer and
thus are hindered to diffuse to the ITO side. Furthermore, closed paths for charge extraction
could also build up when depositing various layers with different ratios of P3HT and silicon
nanocrystals.
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The current-voltage characteristics of the P3HT/Si-nc solar cell with the highest measured open-
circuit voltage is shown in Figure [5.18]in the dark (solid line) and under illumination with a
halogen lamp with an intensity of 100 mW cm~2 (dash-dotted line) in a linear (a) and a semilog-
arithmic plot (b). The solar cell consisted of a ITO-0:1-1:5-5:1-1:0-Al gradient structure. The
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Figure 5.18: Current-voltage characteristics in the dark (solid line) and under illumination
(dash-dotted line) of a P3HT/Si-nc bulk heterojunction solar cell in a linear (a) and a semiloga-
rithmic plot (b). The solar cell is built up from a blend of four spin-coated layers with varying
P3HT/Si-nc ratios (0:1-1:5-5:1-1:0).

silicon nanocrystals have a phosphorus doping concentration of 6.5 x 10!? cm =3 and a diameter
of about 18 nm (nanocrystal sample 270307). This layer sequence with the silicon nanocrystals
deposited directly on the ITO is in contrast to the gradient structure and the band scheme as
proposed above. The reason for this will be discussed later. However, the diode direction is as
expected from the band scheme in Figure In the forward direction, where a positive bias is
applied to the ITO, electrons are extracted at the ITO side, while the photogenerated electrons
contribute to the reverse current and are extracted via the aluminum contact. Also in further
current-voltage measurements, a positive bias always means that a positive bias is applied to the
ITO contact.

Under illumination the current-voltage characteristics displays a large open-circuit voltage of
0.76 V and a short-circuit current density of 1.3 x 1072 mA cm~2. The photocurrent at -1
V is about 1.5 orders of magnitude higher than the dark current. The efficiency of the solar
cell is only 0.0020 % which needs to be optimized, as the short-circuit current and also the fill
factor of 0.20 are quite low. The low efficiency is probably due to the large amount of defects
located at the silicon nanocrystal surface which act as recombination centers. The oxide layer
of the silicon nanocrystals may be a further problem which will be discussed later on in this

subsection. Furthermore, trapping of charge carriers in the active layer may be a problem. This
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trapping is indicated by the voltage dependent photocurrent, where the photo-induced charge
carriers are only released when the applied reverse electric field is increased.

Contributions of the P3HT and of the silicon nanocrystals to the solar cell

To investigate the contribution of the P3HT to the P3HT/Si-nc solar cells, a pure P3HT layer,
which was sandwiched between an ITO and an aluminum layer, was fabricated. The current-
voltage characteristics of such a structure is shown in Figure [5.19]in the dark (solid line) and
under illumination (dash-dotted line) in a linear (a) and a semilogarithmic plot (b). Under
illumination the structure exhibits an open-circuit voltage of 0.21 V and a short-circuit current
density of 9.9 x 1072 mA/cm?. With the fill factor of 0.36 and the light intensity of 100 mW/cm?
of the halogen lamp this results in an efficiency of 0.00074 %. The diode behavior of the
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Figure 5.19: Current-voltage characteristics of a P3HT Schottky solar cell in the dark (solid

line) and under illumination (dash-dotted line) in a linear (a) and a semilogarithmic plot (b).

P3HT can be explained by a Schottky contact: While the ITO/P3HT contact is ohmic, as the
HOMO level at about 4.9 eV (see Chapter [3) is close to the ITO work function of 4.75 eV
[Kim98]], a Schottky contact is established between the aluminum with a work function of
about 4.3 eV [Sze07]] and the HOMO of P3HT. This is due to the fact that the Fermi level of
the P3HT energetically lies below the work function of the aluminum and thus electrons are
transferred to the P3HT until the Fermi levels align and a space-charge region in the P3HT
has built up (see Subsection [2.2.2). The Schottky contact is a barrier for photo-induced holes
from the P3HT, which now are extracted from the P3HT via the ITO contact. Schottky barriers
at the P3HT/aluminum interface have also been reported in the literature [Mus98) [L1o01]. A
similar experiment with only a silicon nanocrystal layer between the metal contacts could not

be realized due to short-circuits in the nanocrystal layer.
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For the P3HT/Si-nc solar cells, one could thus argue that the photovoltaic effect originates only
from a Schottky contact with P3HT and that the silicon nanocrystals do not contribute to the
solar cell at all. However, two measurements prove that this is not the case and that the sil-
icon solar cells indeed do contribute to the solar cell. Firstly, the measurements of reference
structures with only P3HT as the active layer, as shown in Figure [5.19] exhibit a typical open-
circuit voltage of 0.2 — 0.4 V, which differs significantly from the observed open-circuit voltage
in P3HT/Si-nc composites. Secondly, in wavelength-dependent photocurrent measurements a
contribution of the silicon nanocrystals to the photocurrent of the P3HT/Si-nc solar cell can
be observed. This is shown in Figure [5.20] which displays the photocurrent spectrum of a
P3HT/Si-nc solar cell sample (solid line), which is compared to the absorption coefficients of
P3HT (dashed line) and of silicon nanocrystals (dotted line). The nanocrystals used for the

solar cell have a mean diameter of 18 nm and are phosphorus doped with 1.6 x 10!'° cm™3. The
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Figure 5.20: Photocurrent spectrum (solid line) of a P3HT/Si-nc bulk heterojunction solar cell
with a blend of four spin-coated layers with changing P3HT/Si-nc ratio (0:1-1:5-5:1-1:0) in
comparison to the absorption coeftficients of P3HT (dashed line) and of silicon nanocrystals
(dotted line) recorded at 295 K and a bias of -0.75 V.

photocurrent spectrum was recorded in vacuum at a reverse bias of -0.75 V and was normalized
to the incident number of photons. The absorption spectra were calculated from optical trans-
mission and reflection measurements and photothermal deflection spectroscopy (see Chapter
B). P3HT does not absorb in the infrared spectral region, where the solar spectrum still has
a high intensity. There the silicon nanocrystals absorb, which additionally have a higher ab-
sorption coefficient as compared to bulk crystalline silicon due to the defect states, similar to

microcrystalline silicon [LecO8a]. The photocurrent spectrum shows a detectable signal down
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to 0.9 eV which is consistent with the absorption edge of the silicon nanocrystals and far below
the onset of the absorption of P3HT. At the absorption edge of P3HT, the photocurrent strongly
increases by about two orders of magnitude and saturates at higher photon energies. Yet, the
absorption coefficient of P3HT is roughly one order of magnitude higher than the absorption
coefficient of the silicon nanocrystals at the absorption edge of P3HT. This strong increase of
the photocurrent in the absorption range of the P3HT is a further indication, in addition to the
wavelength-dependent LESR measurements of Subsection [5.2.2] that P3HT is the dominant
component in the active layer. Nevertheless, we observe a noticeable photocurrent signal for
photon energies between 0.9 eV and 1.8 eV, where P3HT is transparent. Thus, photons in this
energy range have to be absorbed in the silicon nanocrystals and the generated electron-hole
pairs are separated and contribute to the photocurrent. Consequently, the photocurrent mea-
surement is a clear indication that the silicon nanocrystals contribute to an additional current in
the infrared spectral region and, most probably, in the entire spectral range of P3HT/Si-nc solar

cells.

Composition of the active layer

To investigate the influence of the active layer composition on the solar cell, several gradient
structures with different layer sequences have been produced. First of all, only active layers
with a "wrong" layer sequence, where the silicon-rich region is near the ITO contact instead
of the aluminum contact as expected from the band scheme in Figure show photovoltaic
properties as e.g. the solar cell in Figure [5.18] Here, a "wrong" layer sequence means that
the silicon nanocrystals are spin-coated on the ITO and covered afterwards with the P3HT and
an aluminum layer. Such an active layer is in contrast to the ideal band scheme, as proposed
in Figure [5.17] However, devices where the P3HT layer is spin-coated as the first layer on
the ITO followed by a silicon nanocrystal layer to obtain an ideal band structure only exhibit
short-circuits.

Such a behavior can be explained by the observation that the different layers dissolve each other
and are mixed with the other layers. In Figure[5.21, SEM images of cross sections of an ITO-
0:1-1:5-5:1-1:0-Al sample in different magnifications are shown. Here only one layer can be
identified, thus one can conclude that the different layers mix completely during subsequent

spin-coating.

From this finding it is obvious that no multilayer structure builds up via sequential spin-coating
of the active layer. Nevertheless, we will refer to such structures as gradient structures in the
following to distinguish between samples fabricated by several spin-coating steps and samples
which are produced with only one spin-coated layer. As the mixing of the different layers

also takes place when the last spin-coated layer is a silicon nanocrystal layer, it dissolves the
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other layers and a silicon-rich active layer is formed. Such a silicon-rich layer has many short-
circuits and hence does not work as a solar cell. From this it follows that a P3HT-rich active
layer is needed, which forms a closed layer. P3HT-rich layers can either be obtained by first
spin-coating a silicon nanocrystal layer followed by a P3HT layer, or by spin-coating only
one P3HT-rich solution on the substrate. Furthermore, for working devices, the photo-induced
electrons are always extracted via the aluminum side at short-circuit conditions, es expected
from the band scheme. This may be explained by the P3HT Schottky diode which dominates

the behavior independent of the exact position of the silicon nanocrystals in the device.

From these findings, solar cells with only one spin-coating process should also lead to a similar
result, when they are P3HT-rich to avoid short-circuits. And indeed, the best solar cell was
a 5:1 ratio sample with undoped silicon particles of an average diameter of 29 nm (nanocrys-
tal sample 250906). It exhibited an open-circuit voltage of 0.72 V, a short-circuit current of
7.7 x 1072 mA cm ™2, and a fill factor of 0.20, which results in an efficiency of 0.011 %. Also
for this sample photocurrent measurements have demonstrated that the silicon nanocrystals con-
tribute to the photo-induced current. Such a proof of the contribution of the silicon nanocrystals
in P3HT/Si-nc solar cells to the photocurrent, as shown in Figure has been demonstrated
for the first time, while for P3HT/Si-nc solar cell published by Liu et al. the electrical contribu-
tion of silicon nanocrystals was not proven [Liu09]. However, the efficiency of the solar cells
fabricated in the frame of this thesis is lower than the efficiency of about 1 % for the solar cells
in the work of Liu et al.. This large difference may be explained by various facts: The silicon
nanocrystals used by Liu et al. were handled without any contact to air and their solar cells
were fabricated with the unoxidized particles directly after the production. Thus, no oxide layer
at the surface of the nanocrystals which limits the charge transport is present. Furthermore,
for the fabrication of the silicon nanocrystals a different method, the radio frequency plasma
synthesis, was used. As the residence time in the reactor is longer than for silicon nanocrystals
from the Wiggers group, their nanocrystals have less defects than our material. Hence, mainly
the differences in the silicon nanocrystals, which are used for the solar cells, are the reason for
the difference in the efficiency. In addition, the solar cell efficiency in their work was deter-
mined with a solar spectrum which has a higher light intensity in the absorption range of the
active layer than our halogen lamp. Regarding the P3HT used from Liu et al., it was purchased
from the same company as the P3HT used in this work. Thus, differences in the P3HT, e.g. the
regioregularity, are not expected to contribute to the different efficiencies.

For the preparation of real gradient structures, an alternative to the spin-coating process may be
the doctor blade technique, as it only dissolves a part of the underlying layers [Bra02]. However,
organic two-layer systems with a sharp interface are typically achieved via vacuum deposition
of small molecules [Tsu00, ZhoO1]], as also used in organic light-emitting diodes [BriiO8al.
Furthermore, a lamination technique, where the second organic layer is laminated on the first

layer has been reported as well as the use of orthogonal solvents which do not dissolve each
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(3

Figure 5.21: SEM images of an ITO-0:1-1:5-5:1-1:0-Al solar cell sample in different magnifi-
cations. No gradient structure is visible in the active layer. The ITO layer on the glass and the

active layer are indicated by arrows.

other [Wiel0]. The later technique was also applied in this work, where an additional annealing
step was applied between the deposition of the silicon nanocrystals and the P3HT layer, which
were deposited from solutions with orthogonal solvents. Via this technique, a bilayer system
can be established as will be reported in Subsection However, such a bilayer system is
not an ideal structure due to the small interfacial area and the measured efficiencies are about
one order of magnitude lower than those of P3HT/Si-nc bulk heterojunction.

Reproducibility

To get more information about the variations in the current-voltage characteristics between vari-
ous solar cells, 22 contacts of the same structure on 5 different samples have been characterized.
The solar cells were built up from ITO-5:1-Al bulk heterojunctions with silicon nanocrystals of
29 nm diameter and a phosphorus doping concentration of 1.6 x 10'* cm™3 (nanocrystal sample
250906). The obtained mean values with the standard deviations for the open-circuit voltage,
Voc, the short-circuit current density, Jsc, and the efficiency, 1, are given in Table [5.4] The
fluctuation of the open-circuit voltage is small, while the fluctuation of the short-circuit current
density, and accordingly of the efficiency, is much larger. The variations in the short-circuit
density may be due to varying layer morphologies. This, in turn, may result from the most crit-
ical fabrication step, the spin-coating. There, differences of the active layer morphology mainly
due to agglomerates of the silicon nanocrystals may alter the characteristics of the different
samples. Furthermore, the aluminum evaporation may also be a step which influences the solar
cell behavior. A further investigation of the influence of different parameters on the active layer
composition and solar cell behavior will be done in the next subsection.
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Value Mean value Standard deviation
(% of the mean value)
Voc 0.65V 0.08 V (13 %)
Jsc 3.5x1072mA/cm? 3.7 x 1072 mA/cm? (107 %)
n 44x1073 % 4.5%1073 % (102 %)

Table 5.4: Mean values and standard deviations for the open-circuit voltage, Voc, the short-
circuit current density, Jsc, and the efficiency, 1, of 22 different contacts on five samples which

were produced with exactly the same parameters.
Doping concentration and size of the silicon nanocrystals

In the solar cells which were discussed until now mostly doped nanocrystals were used. The
idea behind this choice was that additional electrons from the phosphorus donors could saturate
the silicon dangling bonds which should reduce the recombination in the silicon nanocrys-
tals. Furthermore, if a Fermi level alignment between the silicon nanocrystals and the P3HT
is assumed, n-type silicon nanocrystals would lead to favorable energy band alignment as the
HOMO of P3HT would lie clearly above the valence band of the silicon nanocrystals. In addi-
tion, the conductivity of the nanocrystals can be enhanced, as already observed for pure silicon
nanocrystal layers [LecO8a]. To verify if the doping concentration really has an influence on
the solar cell performance, a variety of silicon nanocrystals with different doping concentrations
was investigated for P3HT/Si-nc solar cells. The nanocrystals also had different sizes, as for dif-
ferent doping levels only nanocrystals with different sizes were available. Functional solar cells
which had a high-open-circuit voltage above the open-circuit voltage of P3HT Schottky solar
cells have been achieved with four different silicon nanocrystal types: Undoped nanocrystals
with a diameter of 16 nm (nanocrystal sample 130506) and three different doped nanocrys-
tals with a doping concentration and size of 1.6 x 10! cm™ and 29 nm (nanocrystal sample
250906), 5 x 10?° cm™3 and 6.1 nm (nanocrystal sample 220807), and 2 x 102 cm~3 and 12 nm
(nanocrystal sample 160807) were used. The measured open-circuit voltages were 0.6 —0.75 V
and the short-circuit current densities were 1 x 1072 — 8 x 1072 mA cm~2 with fill factors of
0.2 —0.3. The fluctuations of these values is in the range of the standard deviation as determined
for 22 solar cells with the same composition of the active layer as listed in Table Thus, a
dependence of the efficiency on the doping concentration or the size could not be found within

the experimental error.

Influence of the HF etching

As shown in the EDMR experiments in Subsection[5.2.3] the HF etching of the silicon nanocrys-
tals leads to an enhanced spin-dependent current through the nanocrystals in a bulk heterojunc-

tion. In addition, it has been observed in pure silicon nanocrystal layers that the conductivity
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could be enhanced strongly by HF etching [LecO8a]. To investigate the influence of HF etching
on the performance of P3HT/Si-nc solar cells, solar cells with HF etched silicon nanocrystals
were made and compared to solar cells with as-received silicon nanocrystals. The nanocrystals
were phosphorus-doped with 6.5 x 10'” cm~3 and had a diameter of 23 nm (nanocrystal sample
040407). The etching procedure was carried out in diluted HF as described in Subsection[4.1.1}
In Figure[5.22] the current-voltage characteristics of two solar cells are shown: The black curves
are the current-voltage characteristics of the P3HT/Si-nc sample with the etched nanocrystals in
the dark (black solid line) and under illumination (black dash-dotted line), while the red curves
correspond to the dark (red solid line) and the illuminated (red dash-dotted line) current-voltage
characteristics of the P3HT/Si-nc sample with the untreated nanocrystals. The sample consists
of an ITO-0:1-1:5-1:1-5:1-1:0-Al gradient structure.

dark, as-;eceived
—-—- light, as-received
dark, HF etched

—-—- light, HF etched
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Figure 5.22: Current-voltage characteristics of a P3HT/Si-nc solar cell with the as-received
nanocrystals in the dark (red solid lines) and under illumination (red dash-dotted lines) and
of P3HT/Si-nc solar cell with HF-etched nanocrystals in the dark (black solid line) and under
illumination (black dash-dotted line) at 295 K.

In the sample with the HF-etched silicon nanocrystals (black lines) the overall current is much
higher than in the reference sample (red lines). This can be explained by the increase of the
conductivity of the silicon nanocrystals after HF etching, which in turn is responsible for a
higher silicon nanocrystal EDMR signal as it is observed in Figure [5.16]for the sample with the
HF-etched silicon nanocrystals. Due to the higher conductivity in the sample with the HF etched
silicon nanocrystals, also the difference between the dark current and the photocurrent is much
smaller than in the reference sample. Whereas the short-circuit current is higher in the sample

with the HF-etched silicon nanocrystals, the open-circuit voltage is smaller than in the reference
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sample. This situation leads to about the same efficiency of 4 x 10~# % in both solar cells. The
simultaneous increase of direct current paths in the silicon nanocrystals between the cathode
and the anode reduces the open-circuit voltage, as described by Snaith et al. for organic solar
cells [Sna04]. Furthermore, a change in morphology due to the different surface termination
of the silicon nanocrystals may have a large influence on the current-voltage characteristics.
And, even if from Figure [5.4] no influence of the etching is obvious on the scale of about 100
nm, the morphology may have changed on a smaller length scale as the oxide shell is removed.
In addition, also from the LESR experiments of P3HT/Si-nc bulk heterojunctions with etched
silicon nanocrystals in Subsection[5.2.2] where no increase of the P could be found, a different
morphology is the most probable reason. As in the LESR experiments with etched silicon
nanocrystals, it is difficult to evaluate the influence of the etching without knowing the exact
morphology on the nanometer scale. In conclusion, up to now the overall solar cell efficiency

could not be improved by the HF etching of the silicon nanocrystals.

5.3.3 Model of the bulk heterojunction solar cell

We have seen from the SEM images in Figure [5.4] that for the gradient structure always a mixed
layer forms, instead of a bilayer or multilayer. From the AFM images in Figure we could
deduce that the morphology changes, depending on the exact volume ratio of the spin-coated
solutions. For a qualitative understanding of the behavior of the P3HT/Si-nc solar cell, the dif-
ferent current paths have to be taken into account. Thus, to describe the behavior of such a
mixed active layer, an elementary model which includes all contributions to the current-voltage
characteristics in parallel can be established. This means the current can flow in parallel through
a pure P3HT layer, a pure silicon nanocrystal layer, or through a P3HT/Si-nc heterojunction in
both directions. Such a parallel connection is shown in Figure [5.23] similar to the model pro-
posed by Snaith er al. [Sna04]]. Depending on the exact morphology, the different current paths
contribute differently to the current. The two diodes of the P3HT/Si-nc interfaces should lead
to a contribution in either direction. However, we observe for all solar cells that the electrons
flow to the aluminum contact under open-circuit conditions. As already mentioned, this can be
explained by the large influence of the pure P3HT Schottky junction which contributes in any
case. In addition, the electric field due to the different work functions of aluminum and ITO
will lead to an enhanced extraction of the photo-induced electrons on the aluminum side. The
P3HT Schottky diode itself is then influenced by the silicon nanocrystals, which build up fur-
ther P3HT/Si-nc diodes working in parallel to the P3HT Schottky diode. This additional current
paths alter the open-circuit voltage and the short-circuit current depending on the morphology
and the P3HT/Si-nc ratio of the active layer.

From the band alignment at the interface between P3HT and silicon, a potential difference of
about 0.7 — 1.2 eV is expected (see Figure [3.8) depending on the exact positions of the HOMO
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ITO contact

Al contact

Si

Figure 5.23: Scheme of the parallel connection of different current paths as an elementary

model to describe the observed current-voltage characteristics.

of P3HT and the conduction band of the silicon and without taking into account any effects
such as Fermi level alignment or pinning at interface dipoles. The pure P3HT and pure silicon
nanocrystal paths are equivalent to the concept of a shunt resistor added in parallel to the diode
in models for photovoltaic devices. This effect leads to a drop in the open-circuit voltage in
blend devices as compared to that of bilayer devices. This has also been observed for pure
organic bilayer and bulk heterojunctions [Sna04]. Considering this lowering due to a bulk
heterojunction instead of a bilayer heterojunction, the observed mean value of 0.65 V (from
Table[5.4) is relatively high, confirming that not too much pure P3HT current paths are active in
the bulk heterojunction. In addition further effects, such as carrier recombination at the interface
or at the electrodes, incomplete splitting of the quasi-Fermi levels, losses at the electrodes,
and interface dipoles can reduce the open-circuit voltage [OIsO7]. The observed value of the
maximum open-circuit voltage is in accordance with findings that the open-circuit voltage of
an organic or hybrid solar cell can be described adequately by the energy difference between
the HOMO and the LUMO or the valence band and the HOMO, respectively OIs07].
This is in contrast to the classical description of organic solar cells as a metal-insulator-metal
device, where the work functions of the metal dominate the open-circuit voltage. However, the
classical description of organic solar cells as a metal-insulator-metal device has already been
found not to be an appropriate description of organic solar cells (Che08]].
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Several reasons, mainly the P3HT short-circuits, make it difficult to conclude from the solar cell
measurements on the exact band alignment at the P3HT/Si-nc heterojunction. However, in the
next Chapter [6] this alignment will be determined for heterojunctions made from P3HT and bulk

crystalline silicon.

5.4 Soft lithography for heterojunction solar cells

5.4.1 Structuring of silicon nanocrystal layers via soft lithography

The technique of soft lithography has been explained in detail in Subsection {.1.1] Here, the
results of the application of soft lithography to silicon nanocrystals are presented. In Figure
[5.24 an AFM image (a) and a SEM image (b) of an embossed silicon nanocrystal layer is
shown. The size of the AFM image is about 5 x 4.5 um? with a height scale of 100 nm, while

Figure 5.24: AFM (a) and SEM (b) image of an embossed silicon nanocrystal layer. The size
of the AFM image is about 5 x 4.5 um?* with a height scale of 100 nm, while a magnification
of x 15000 was chosen for the SEM image.

the SEM image was taken with a magnification of x15000. The silicon nanocrystals had a
diameter of about 4 nm (nanocrystal sample 201106) and were dispersed in ethanol with 6 wt%.
In both images the groove structure, which was transferred from the PDMS stamp as shown
in Figure #.3] is clearly visible. This demonstrates that structuring of the silicon nanocrystal
layer with a structure size of around 200 nm and a height of about 50 nm could be achieved.
When comparing the cross-sections of the mold and the structured layer, both, the depth and
the periodicity of the mold are reproduced, in spite of the roughness and the imperfections
of the layer. However, even if the PDMS mold could be reproduced in principle, defects in
the structure caused by large agglomerates of silicon nanocrystals are apparent. In contrast to
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typical soft lithography techniques the overall thickness of the nanocrystal layer exceeds the
depth of the structure of the PDMS mold. Hence, not the whole silicon nanocrystal dispersion
is removed between the mold and the substrate when the mold is pressed against the substrate.
Thus, the whole substrate is covered with silicon nanocrystals, which is desired for hybrid bulk
heterojunction solar cells, as short-circuits can be avoided. When using dispersions with less
than 5 wt% of silicon nanocrystals, the layer quality is not optimal. On the one hand, holes
appear in the underlying layer and, in addition, also parts of the substrates are not structured but
exhibit the bare substrate. Additional experiments with silicon nanocrystals of different sizes
have shown that the size of the nanocrystals does only have a minor effect on the morphology
of the layers. However, the number of agglomerates, which reduce the quality of the structures,

can be clearly reduced via a longer ball-milling process of the dispersion.

To optimize the structured silicon nanocrystal layers, also a variation of the embossing process,
which is described in Subsection[d.1.1] was investigated. For this reason, the mold was only laid
on the silicon nanocrystal layer without pressure, which leads to similar good results. Thus, one
can conclude that the capillary forces are the main mechanism for the generation of the groove
structure. In the literature, soft lithographic methods using capillary forces have already been
reported for structuring polymer layers [SuhO1]]. When using a rigid mold the so-called micro-
molding in capillaries also was demonstrated for a TiO-nanoparticle dispersion, where it was
found, as in our experiments, that the condition for an uniform patterning is a high quality of
the dispersion of the nanoparticles [W1l04]. The observed large influence of the capillary forces
is in accordance with the finding that, when a constant pressure is used for the embossing, small
pressures of 0.1 —0.25 Ncm ™2 lead to the best results, since not the pressure but the capillary
forces are important for the structuring. Also the additional application of ultrasound during the

embossing step could not further enhance the quality of the layers.

5.4.2 Ordered heterojunction solar cells made by soft lithography

To produce ordered heterojunction solar cells with embossed silicon nanocrystal layers the
mixed bulk heterojunction structures which were discussed in Section [5.3] are not a suitable
concept. Instead, one has to go to heterojunctions, where the P3HT/Si-nc interface is defined
by the nanostructured silicon nanocrystal layer. Such ordered heterojunctions will be compared
to unstructured reference heterojunctions in the following. Both solar cell types were fabricated

3and

with phosphorus-doped silicon nanocrystals with a doping concentration of 6.5 x 10'? cm™
a diameter of 23 nm (nanocrystal sample 040407). Two different sample types were produced
either with a structured or an unstructured silicon nanocrystal layer, which, after an annealing
step, was covered with P3HT as described in Subsection 4.1.1] Here, the solvent for the sil-
icon nanocrystals was polar ethanol, while nonpolar 1,2-dichlorobenzene was used for P3HT.

In contrast to the bulk heterojunctions, where the P3HT solution and the silicon nanocrystal
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Substrate

Figure 5.25: SEM cross section image of a silicon nanocrystal layer which is covered by a
P3HT layer.

dispersion dissolve each other, here the annealing step after the deposition of the nanocrystals
and the different solvents allow the formation of a bilayer system. That indeed a bilayer system
is obtained can be seen in the SEM image of Figure[5.25] where a cross section view of a silicon
nanocrystal layer covered by P3HT is shown.

For the ordered heterojunction solar cell with the structured nanocrystal layer, a part of the
samples exhibited a typical open-circuit voltage of P3HT/Si-nc solar cells while another part
only showed an open-circuit voltage of about 0.3 V. This can be explained by the observation
of completely uncovered areas on some structured nanocrystal layers. In such areas, the P3HT
short-circuits between the metal contacts and the behavior of a pure P3HT Schottky solar cell,
as shown in Figure |5;D|, dominates. However, the structured solar cells without short-circuits
showed a high open-circuit voltage, as can be seen from Figure[5.26] There, the current-voltage
characteristics in the dark (solid line) and under illumination (dash-dotted line) are shown for a

typical ordered heterojunction solar cell with structured silicon nanocrystals.

To compare the behavior of the structured and unstructured heterojunctions, the average values
of the solar cell parameters of four different contacts each from structured as well as from
unstructured heterojunctions are listed in Table[5.5]

The solar cell parameters of the two solar cell types are very similar and lie in the range of the
standard deviations of the values. Especially the efficiencies of the two different heterojunctions
are nearly the same. Thus, no influence of the structuring of the silicon nanocrystals can be
observed. However, as the increase of the nanocrystal surface area due to soft lithography is

only about 20 %, such an increase in the efficiency would lie in the determined error range.
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Figure 5.26: Current-voltage characteristics of a P3HT/Si-nc ordered heterojunction solar cell
with a structured silicon nanocrystal layer in the dark (solid line) and under illumination (dash-
dotted line) recorded at 295 K.

However, the devices produced in this section exhibit an efficiency that is about one order
of magnitude smaller than the bulk heterojunction devices investigated in Section [5.3] Most
probable this is due to the reduced interfacial area between the organic and the inorganic coun-
terparts. Also the thicker silicon nanocrystal layer may hinder an efficient charge transfer in the
structured and unstructured heterojunctions as compared to the bulk heterojunctions. Thus, the

combination of a thinner silicon nanocrystal layer with a higher aspect ratio may be promising.

Sample Value Mean value Standard deviation
(% of the mean value)
Voc 0.70 vV 0.12 'V (17 %)
L Jsc 42x1073 mA/cm? 4.7 x 1073 mA/cm? (110 %)
Structured heterojunction FF 091 0.0096 (4.6 %)
n 6.6 x 107* % 7.5%x 1074 % (114 %)
Voc 0.63V 0.01 V (2 %)
L Jsc 59x1073 mA/ecm? 1.0 x 1073 mA/cm? (17 %)
Unstructured heterojunction e 0.18 0.019 (11 %)
n 6.8x107* % 1.2x107%* % (17 %)

Table 5.5: Mean values and standard deviations for the open-circuit voltage, Voc, the short-
circuit current density, Jsc, the fill factor, FF, and the efficiency, 1, for four different contacts

of a structured and an unstructured heterojunction.
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However, for a higher aspect ratio also a harder PDMS, so-called A--PDMS, as used in Reference
[Odo02] would be necessary. Nevertheless, the structuring of the silicon nanocrystals and also

working solar cells with structured nanocrystal layers have been demonstrated successfully.
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6 Hybrid Heterojunctions with P3HT
and Silicon or 6H-Silicon Carbide

For heterojunctions made of P3HT and silicon (P3HT/S1), the photo-induced charge separation
and photovoltaic effects were demonstrated in the previous chapter. From the observed charge
transfer it was possible to determine the positions of the energy levels of the two components
with respect to each other. However, the exact positions and the band alignment of the P3HT and
silicon energy levels were not investigated. This would be important for a better understanding
and an optimization of the P3HT/Si-nc bulk heterojunction with regard to solar cell applications.
As heterojunctions with a two-dimensional interface have less degrees of freedom, compared
to three-dimensional bulk heterojunctions, P3HT/Si heterojunctions with bulk silicon will be

investigated as a model system in the first part of this chapter.

However, as the valence band of silicon and the HOMO of P3HT are placed energetically close
to each other, problems regarding an efficient hole transfer can occur. For this reason, 6H-SiC,
as an inorganic semiconductor with a different valence band position, is applied for organic-
inorganic heterojunctions with P3HT. As in the case of P3HT/Si heterojunctions, the current
transport, the photovoltaic properties, and the band alignment of heterojunctions made of P3HT
and 6H-SiC (P3HT/6H-SiC) will be examined in the second part of this chapter.

6.1 Heterojunctions made of bulk silicon and P3HT

Heterojunctions made of bulk silicon and P3HT will be investigated for different doping types
and levels of silicon. In particular, the dark current-voltage characteristics as well as the be-
havior of the P3HT/Si heterojunctions under illumination will be analyzed. These current-
voltage measurements allow conclusions about the band alignment of the heterojunction. In
addition, the P3HT/Si heterojunction will be compared to the bulk heterojunction made of sili-

con nanocrystals and P3HT.
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Figure 6.1: (a) Energetic positions of the energy levels of silicon and P3HT (black lines). For
silicon the literature values are taken, while for P3HT the mean value of the literature values
(grey bands) for the HOMO and LUMO and the measured contact potential difference value
for the Fermi level were taken. (b) Band alignment of n-type silicon and P3HT and of (c)
p-type silicon and P3HT as expected theoretically from Fermi level alignment under thermal
equilibrium. Additionally the Fermi levels of the contact metals are shown.
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6.1. Heterojunctions made of bulk silicon and P3HT

6.1.1 Dark current-voltage measurements of P3HT/Si
heterojunctions with p-type and n-type silicon

Theoretical band alignment of silicon and P3HT

The silicon and P3HT energy levels are shown in Figure (a). For silicon, the energetic po-
sitions of the conduction and valence band edges have been determined in the literature various
times, so literature values have been taken (see Subsection [3.1.1)). For P3HT the literature val-
ues for the energy of the HOMO and the LUMO (see Subsection [3.2.1), which are plotted as
grey bands, differ by up to 0.3 eV. Thus, in addition the average values of the HOMO and the
LUMO are plotted as black lines. The Fermi level of silicon was taken from the literature, while
for P3HT the Fermi level was measured via contact potential difference measurements (see Sub-
section[3.2.1)). The alignment of the silicon and P3HT energy levels is predicted via Fermi level
alignment, as described in Section[2.2.2] The expected alignments for heterojunctions of P3HT
and n-type silicon (P3HT/n-S1) and P3HT and p-type silicon (P3HT/n-Si) are shown in Figure
[6.1] (b) and (c), respectively, for moderate doping levels which were mainly used for the het-
erojunctions in this section. In this theoretic band alignment, no space-charge region builds up
in the P3HT, as P3HT is undoped. Thus, without an applied voltage, no band bending occurs
in the organic semiconductor. Furthermore it is assumed that no interface dipoles exist, which

would lead to an energetic offset.

The P3HT/Si heterojunction samples with the silicon wafer and the 1 um thick drop-casted
P3HT layer have been prepared as described in Subsection 4.1.2] The top contact to the P3HT
is formed by e-beam evaporation of ITO onto the heated P3HT layer, as described in Subsec-
tion[4.1.2] The energetic position of the Fermi level in ITO is taken from the literature [Bra08]]
and again the average value (black line) and the range of the values (grey bands) are plotted.
However, the ITO/P3HT contact, which is also shown in Figure @ does not exhibit a com-
pletely ohmic behavior, as it is typically observed for P3HT which is spin-coated on ITO coated
substrates [Chi03b]. This may be due to a hole transfer from the P3HT to the ITO or due to
pinning of the P3HT Fermi level at surface defect states in the P3HT, which may be created by
the evaporation step. For contacts to n-type and p-type silicon, gold and aluminum, are used,
respectively. The metals diffuse into the silicon during an annealing step, which forms highly
doped regions in the silicon as depicted in Figure (b) and (c), leading to ohmic contacts.
Theoretical and experimental details regarding the contacts are described in Subsection [2.2.1]
and Subsection [4.1.2] respectively.

123



6. Hybrid Heterojunctions with P3HT and Silicon or 6H-Silicon Carbide

Dark current-voltage measurements

The current-voltage characteristics of P3HT/Si heterojunctions with n-type and p-type silicon
are depicted in Figure [6.2] (a) and (b), respectively. Here, as for all heterojunctions in this
chapter, a positive bias means that a positive potential is applied to the P3HT. The doping levels
for the n-type silicon are 7 x 101 —1.5%x 102 cm—3 (squares) and 4 — 9 x 10'® cm—3 (circles),
while the doping levels for the p-type silicon are 2 — 3 x 10" cm™3 (squares) and 4 — 9 x 10!8
cm 3 (circles). The lower doping levels (squares) were used for most of the samples in this
section, thus, if no other doping levels are explicitly stated these doping levels were applied.
Both figures show a rectifying behavior which changes the direction when the doping type is
changed. This proves that the heterojunction properties are responsible for the diode behavior
instead of possible Schottky contacts at the metal-semiconductor interfaces, which would lead
to a doping-independent rectifying behavior. The change in the diode direction is consistent
with the theoretical band alignment in Figure For the case of n-type silicon, the electrons
are the majority carriers which have to overcome the barrier to the LUMO of P3HT. In contrast,
for p-type silicon, the holes are emitted from the valence band over a barrier into the HOMO of
P3HT. The barrier for the P3HT/n-Si heterojunction has two contributions, a depletion layer in
the silicon and the band offset between the conduction band of silicon and the LUMO of P3HT.
In P3HT/p-Si only the depletion layer in silicon at the P3HT/S1 interface defines the barrier

height. Thus, with the doping type, which is responsible for the direction of the band bending
in the silicon, the direction of the diode changes.
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Figure 6.2: Dark current-voltage characteristics of P3HT/n-Si (a) and P3HT/p-Si heterojunc-
tions (b). The doping levels for the n-type silicon are 7 x 10! — 1.5 x 1012 cm=3 (squares) and
4 —9x 10'8 cm=3 (circles), while the doping levels for the p-type silicon are 2 —3 x 101> cm™3
(squares) and 4 — 9 x 108 em—3 (circles).
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6.1. Heterojunctions made of bulk silicon and P3HT

Regarding the forward current density of the four heterojunctions, one would expect that the for-
ward current of the P3HT/p-Si heterojunctions is much higher than in the case of the P3HT/n-Si
heterojunctions as the barrier is smaller. However, as will be seen in this chapter, the SCLC
mechanism limits the forward current and thus lowers all forward currents to a similar level. In
the reverse direction, the current for the P3HT/p-Si heterojunction with the low doping level is
nearly one order of magnitude higher at V = 41 V, compared to the current of the P3HT/n-Si
heterojunction with the low doping level at V = —1 V. For the latter, in the reverse direction
electrons are injected from the ITO into the LUMO of the P3HT, where they have to overcome
a large barrier which explains the low reverse current. For P3HT/p-Si heterojunctions, holes
from the ITO have not to overcome such a large barrier, thus the reverse current is higher. Nev-
ertheless, the barrier of the P3HT/p-Si heterojunction in the reverse current should be larger
than expected from Figure to explain the observed current-voltage characteristics. This in-
dicates that the theoretical band alignment, as shown in Figure [6.1] does not apply completely.
Maybe there is an additional band offset between the silicon valence band and the HOMO of
P3HT, due to an interface dipole, which would provide a larger barrier for the holes in the re-
verse direction. The current-voltage characteristics could also be explained by an upwards shift
of the Fermi level compared to the actual measured value of 4.4 eV, providing a similar barrier
for holes and electrons from the ITO. Such a shift of the Fermi level could happen either by
unintentional doping by impurities [Mei03, |[Est08], by pinning [Ten06] or by injection from the

metal contact [For84al.

However, it must be mentioned that the reproducibility of the P3HT/Si heterojunctions is not
good. The currents at biases of =1 V vary typically one order of magnitude when measuring
different contacts on one sample. When comparing different samples, the current may even
change by up to two orders of magnitude. Nevertheless, the diode behavior can be observed in
all samples, even if the rectification ratio may vary. The reasons for the large variations, which
have also been observed in heterojunctions with amorphous silicon and P3HT [Ale08], may
be found in the properties of the P3HT. First, the P3HT is drop-casted on the silicon, which
may lead to differences in morphology and thickness, even though in microscopy images no
inhomogeneities are visible. Second, the position of the energy levels may be sensitive to the
exact process conditions. Especially the properties of the ITO contact, which is evaporated
under simultaneous annealing, may vary due to small changes in process parameters and hence
influence the P3HT layer by unintentional doping or the creation of defects.

Different silicon doping levels

P3HTY/Si heterojunctions were fabricated with a variety of four different doping levels of each
doping type. The properties of the different silicon wafer types which were used for this purpose
are listed in Table As a common trend, the forward current density of about 0.1 - 1 mA/cm?
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Figure 6.3: Fit of the dark current-voltage characteristics of a P3HT/n-Si heterojunction in a
linear (a) and in a semilogarithmic plot (b). In addition to the measured data (squares), the fit
(red line), and the individual contributions to the fit are plotted, including the diode (dashed
line) and the SCLC (dotted line).

was roughly the same for all samples, while the reverse current increased with a higher doping
level for both doping types. As shown in Figure (a) and (b) at the highest doping levels
of 4 —9 x 10'® cm™3 (circles) for both, the n-type and p-type silicon, the rectification ratio at
41 V is smaller than one order of magnitude. One possible explanation for the enhancement
of the reverse current could be transfer doping of the P3HT from the highly doped silicon.
Such additional charge carriers in the P3HT could alter the conductivity of the P3HT and could
enhance the reverse charge transport. In contrast, the forward current is dominated by a space-
charge limited current mechanism in the P3HT, as will be shown below, and thus remained
constant for all doping levels.

Modeling the dark current-voltage characteristics of the P3HT /n-Si heterojunction

In order to gain more information about the transport mechanisms, the current-voltage charac-
teristics of a P3HT/n-Si heterojunction was fitted. For this purpose, the proposed equivalent
circuit including a diode and a SCLC resistance, as shown in Figure[2.13] was used, as a simple
diode fit does not describe the transport behavior of the heterojunction. To simplify the fit, the
shunt resistance, Rsp, of the heterojunction, which has a large value as no short-circuits are
visible, is set to infinity and only the interesting forward direction is fitted. In Figure the
fit (red line) of the dark current-voltage characteristics (squares) of a P3HT/n-Si heterojunction
is presented, where the fit shows an excellent agreement with the data. Furthermore, in Figure
[6.3] (b), besides the fit also the individual contributions to the fit, the diode (dashed line) and the
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Figure 6.4: Schematic view of the P3HT/n-Si heterojunction at forward bias (a), without an

applied voltage (b), and with reverse bias (c).

SCLC (dotted line), are shown for the case that the whole voltage would drop at the diode or
the SCLC element. The current-voltage characteristics itself is a combination of both elements,
which follows the diode up to 0.2 V and is dominated by the SCLC afterwards. As the fitis a
series connection of the diode and the SCLC, the voltage is split at both elements. Thus, e.g. if
a voltage of 0.5 V is applied, 0.35 V drop at the diode and 0.15 V drop at the SCLC element.
The fit parameters were Jg = 2.3 X 107> mA/ecm?2, n = 1.9, kscLc = 3.2 mA/(cm?V!?), and
m=1.8.

The forward direction is defined by electrons which are emitted to the LUMO of P3HT from the
conduction band of silicon. Holes, which are injected from the ITO contact to the P3HT may
also contribute to the current via recombination with electrons from the silicon. Such a recom-
bination at the heterojunction interface is suggested by the large ideality factor n = 1.9 [Sze(07].
Surface defects of silicon and P3HT at the interface may facilitate such a recombination. The
reverse current, on the other hand, is composed of electrons which are injected into the P3HT,
most possibly via defect states induced by the ITO deposition. Holes which may be injected
into the valence band of silicon will recombine in the n-type silicon with the majority charge

carriers before reaching the P3HT. These processes are schematically shown in Figure

Using the model of the thermionic emission (see Subsection [2.2.1), with the Jg received from
the fit and the effective Richardson constant for n-type Silicon of A* = 250 A/cm?K? [Sze07],
a barrier height e@g, = 0.9 eV is obtained by using Equation [2.5| when image-force lowering is
neglected. The electrons have to overcome this barrier to be emitted from silicon to P3HT. In
silicon, nearly all phosphorus atoms are ionized at room temperature [Sze(07], thus the barrier
is the difference between the conduction band of silicon and the LUMO of P3HT. The value of
0.9 eV corresponds well with the value one would expect from the theoretical band alignment,
where a value of 1 eV is obtained. Below, when the behavior of the P3HT/n-Si heterojunction
under illumination will be investigated, it will be shown that photo-generated holes can be
transfered from the valence band of silicon to the HOMO of P3HT. This is only possible when
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6. Hybrid Heterojunctions with P3HT and Silicon or 6H-Silicon Carbide

the offset between the conduction band of silicon and the LUMO of P3HT is large enough,
which supports the large value of the determined barrier.

For voltages higher than 0.2 V the SCLC dominates the current-voltage characteristics and
the bigger part of the applied voltage drops over the P3HT layer. Such a nonlinear current-
voltage dependence has been reported for a large variety of inorganic and organic materials
[PalO6b], where injected carriers control the space charge and the electric-field profile. From
the fit parameter m = 1.8 one can conclude that the traps are already occupied by electrons
when the SCLC is limiting the current [[Ant02]]. From kscrc = 3.2 mA/cm?V!8 the effective
electron mobility in P3HT can be calculated to i = 9 x 10~3 cm?/Vs following Equation [2.20]
with kscLc = %&8—0“ £€=3.5,6=28.85x10"12 As/V,and d = 1 um. This value is in the range

PER
of the literature values in Subsection[3.2.11

Modeling of the dark current-voltage characteristics of the P3HT /p-Si
heterojunction

In Figure[6.5]a typical dark current-voltage characteristics (squares) of a P3HT/p-Si heterojunc-
tion, including a fit (red line) of the forward direction, is plotted. The best fit was achieved when
using only a power function. This means that the P3HT/p-Si heterojunction diode is dominated
by the SCLC effect in the whole forward voltage range. Thus, it is difficult to indicate a possible
underlying exponential behavior in the forward direction, which may result from holes, which
have to overcome a depletion region when applying a forward bias. The reverse diode behavior
of the P3HT/p-Si heterojunction could be explained by a barrier for holes in the reverse direc-
tion. Such a barrier may exist for holes when crossing the P3HT to the p-type silicon or when
injecting holes from the ITO into the P3HT. From the fit parameter kscrc = 0.7 mA/cm?V3-0
the hole mobility in P3HT is expected to be a factor of 5 lower than for electrons. Although
semiconducting polymers usually are better hole conductors, in P3HT hole and electron mobil-
ity have been found to have the same order of magnitude [Cho04], which is in agreement with
our estimation of the mobility. The value of m = 3.6 indicates that the traps for holes are partly

unoccupied [Ros535], which is in accordance with the observed lower hole mobility.

6.1.2 Investigation of P3HT /silicon heterojunctions under

illumination

Current-voltage characteristics of P3HT /silicon heterojunctions under illumination
with LEDs of different wavelengths

Current-voltage measurements under illumination with high power LEDs of different wave-

lengths were performed on P3HT/n-Si and P3HT/p-Si heterojunctions to obtain information
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Figure 6.5: Fit of the dark current-voltage characteristics of a P3HT/p-Si heterojunction in a
linear (a) and in a semilogarithmic plot (b). In addition to the measured data (squares), also the
fit (red line) is plotted.

about the photo-induced charge carrier generation and transfer mechanisms. Furthermore, these
measurements were performed to gain a more detailed understanding of the relative band align-
ment at the interface between the two materials. In Figure [6.6] the center wavelengths of the
LEDs and the absorption spectra of P3HT and silicon are shown. From Figure [6.6]it can be
seen that the 525 nm LED primarily generates charge carriers in the P3HT, as it has a 10 times
higher absorption coefficient than silicon in this spectral range. P3HT does not absorb light in
the infrared spectral range, thus, the 810 nm LED was chosen to investigate the contribution
of silicon to the photo-induced current. As LEDs have typical spectral ranges of about 420
nm, at a center wavelength of 655 nm near the onset of the absorption of P3HT both, P3HT
and silicon, will absorb light, as the longer wavelengths are transmitted to the silicon while the
shorter wavelengths are absorbed in the P3HT. In Figure |6.7| the current-voltage characteristics
for P3BHT/n-Si (a) and P3HT/p-Si heterojunctions (b) are depicted. The measurements were
performed in the dark (black line) and under illumination through the transparent ITO contact
on the P3HT side with high power LEDs with wavelengths of 525 nm (green line), 655 nm
(red line), and 810 nm (magenta line). For the P3HT/n-Si heterojunction current-voltage char-
acteristics depicted in Figure[6.7|(a), photocurrents of about 1.5 — 2 orders of magnitude higher
than the dark current are detected for all wavelengths. Nevertheless, the open-circuit voltages
are smaller than 0.05 V. In contrast to the characteristics obtained for P3HT/p-Si heterojunc-
tions, the direction of the diode is inverted and we observe a pronounced effect for illumination
with the infrared LED (magenta line). The inverted direction of the diode indicates that the
P3HTY/Si diode dominates the current-voltage characteristics for both structures, P3HT/p-Si and
P3HT/n-Si, and that the contribution of the P3HT/ITO interface is negligible.
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Figure 6.6: Absorption spectra of silicon (dashed line) and P3HT (solid line). The arrows

indicate the center wavelengths of the LEDs. Data for silicon is taken from Reference [Hul99].

As the direction of the diode is inverted in comparison to the P3HT/p-Si heterojunction, now
the photo-induced electrons are extracted via the Au contact and the holes via the ITO contact.
Electrons generated in P3HT are transferred to the silicon and are extracted at the Au contact,
while the holes move to the ITO contact. Photo-excited free electrons and holes will be gener-
ated in silicon under IR or red illumination. In contrast to the situation for p-type silicon, which
will be discussed below, the electrons are not trapped by an unfavorable band alignment at the
P3HT/Si interface.

The open-circuit voltages of below 0.05 V can be explained to some extent from the small pho-
tocurrent. However, despite a photocurrent under reverse voltage, the photo-generated charge
carriers are not effectively extracted without any applied voltage. Such a strong voltage depen-
dence is also known in organic solar cells [KosO3]] and is explained by a high recombination
rate, which leads to small photocurrents and a negligible charge extraction at low voltages,

leading to the observed small open-circuit voltages.

The absolute value of the photocurrent is comparable for all wavelengths. However, the pho-
tocurrent observed under infrared illumination is the highest, as all absorbed photons generate
free charge carriers in silicon. Nevertheless, a larger difference between the photocurrent under
infrared illumination and e.g. the illumination with the 525 nm LED is expected as for the latter
case most photons are absorbed in the bulk P3HT without generating photocurrent. This could
be explained by a barrier for holes, limiting the transfer from the valence band of silicon to the

HOMO of P3HT. A similar band alignment has also been observed in a heterojunction made of
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Figure 6.7: Current-voltage characteristics of P3HT/n-Si (a) and P3HT/p-Si heterojunction
solar cells (b) in the dark (black line) and under illumination with three high power LEDs with
wavelengths of 525 nm (green line), 655 nm (red line), and 810 nm (magenta line).

P3HT and amorphous silicon, where a back transfer of holes from the HOMO of P3HT to tail
states near the valence band in amorphous silicon has been proposed [Gow06]]. Thus, the band

alignment is not ideal for an efficient transfer of holes from the valence band of n-type silicon
to the HOMO of P3HT.

When investigating p-type silicon based hybrid heterojunctions, as shown in Figure (b),
upon illumination with the 525 nm LED (green line), one observes a reverse photocurrent which
is about 1.5 orders of magnitude higher than the dark current. In contrast, the effect under
illumination is much weaker for the illumination with the 655 nm LED (red line). Finally, we
observe almost no change of the current-voltage characteristic for the infrared LED (magenta

line). However, the open-circuit voltage is very small, with a value below 0.1 V.

The current-voltage characteristics result from the superposition of the characteristics of three
interfaces: metal/Si, P3HT/Si, and P3HT/ITO. The metal/Si contact is quite well understood
and exhibits a very good ohmic behavior. As already mentioned above, the P3HT/ITO contact
does not show a completely ohmic behavior possibly due to the e-beam evaporation deposition.
Therefore, the measured curves for the P3HT/p-Si heterojunction most probably result from the
superposition of two diodes, P3HT/Si and P3HT/ITO.

For illumination with the 525 and 655 nm LEDs, most of the photons are absorbed in the P3BHT
layer and excitons are generated there. If these excitons do not recombine before they reach
an interface, they can either be separated at the P3HT/p-Si interface or at the not ideally ohmic
interface to ITO. The current-voltage characteristics in Figure (b) show a photocurrent for

a positive voltage applied to the ITO contact which increases the downwards bending at the
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interfaces. This means that electrons are extracted via the ITO contact and holes via the Al
contact. Therefore, holes of light-induced excitons in P3HT, which reach the P3HT/p-Si inter-
face, are transferred to the p-type silicon while the electrons stay in P3HT and move to the ITO
contact. The holes can move as majority charge carriers through the p-type silicon to the Al
contact. An equivalent process is possible for a charge separation at the P3HT/ITO interface.
Here, the electrons are directly extracted at the ITO contact, whereas the holes move through
the P3HT and p-type silicon to the opposite Al contact. Free electrons and holes are generated
in the p-type silicon by IR illumination (810 nm). As the direction of the internal field does not
change, the hole extraction also takes place via the Al contact and the electrons should move
to the ITO contact. But the alignment of the conduction band of p-type silicon and the LUMO
level of P3HT does not allow an electron transfer into the P3HT. Instead, the electrons are most
probably trapped close to the P3HT/p-Si interface and recombine with holes, as schematically
shown in Figure [6.8] As these electrons cannot contribute to the external photocurrent, only
a very small effect is detected for IR illumination. In summary, we observe that this structure
does not efficiently work as a solar cell, because the only contribution originates from charge

carrier excitation in the P3HT and thus the open circuit voltage lies below 0.1 eV.

-\

++ <—
p -Si p-type silicon P3HT

Figure 6.8: Schematic view of trapping of photo-generated electrons in the silicon with subse-

quent recombination at the P3HT/p-Si interface.

Band alignment at P3HT /silicon heterojunctions

Considering the results of the measurements of the current-voltage characteristics in the dark
and under illumination, the proposed band alignment as shown in Figure [6.1 has to be adapted:
The relative positions of the energy levels of n-type silicon and of P3HT were determined from
the fit of the current-voltage characteristics for the P3HT/n-Si heterojunction. There, as already
mentioned, a barrier of 0.9 eV between the conduction band of silicon and the LUMO of P3HT
was measured. Taking into account the band gap of silicon of 1.1 eV and the transport band
gap of P3HT of about 2.0 eV, one can conclude that the valence band and the HOMO of P3HT
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6.1. Heterojunctions made of bulk silicon and P3HT

have roughly the same energy. And as concluded from the current-voltage measurements of
the P3HT/n-Si heterojunction under IR illumination, a barrier for hole transfer in the HOMO
of P3HT is present. Such a barrier builds up by an upward band bending of the silicon energy
levels at the P3HT/n-Si interface as expected due to Fermi level alignment. Furthermore, as
known from the wavelength-dependent measurements on P3HT/Si heterojunctions, also charge
carriers from the ITO/P3HT contact contribute to the photocurrent. A downward band bending
of the P3HT explains that the excitons at this interface are split up. This band bending also
explains that the P3HT/p-Si heterojunction exhibits such a low reverse current as the holes from
the ITO have to overcome a barrier into the HOMO of the P3HT. Such a band bending in the
P3HT was not assumed at the beginning, as the P3HT is undoped. However, even in undoped
P3HT an unintentional doping was reported in the literature [ChiO3b, Est08, Mei03], which
results in a hole concentration of about 1 x 103 — 1 x 1017 ¢cm—3. Thus, a hole transfer from the

P3HT to the ITO, which results in the proposed band bending, is a reasonable assumption.

The additional information gained from the measurements of the P3HT/Si heterojunctions is
introduced in the revised band diagrams shown in Figure [6.9] The HOMO of P3HT and the
valence band of silicon lie energetically close to each other. This makes the relative positions
of these two energy levels sensitive to the exact interface properties which provide different
barriers, depending on doping, dipoles, and defects. Thus, the idea to investigate a similar het-
erojunction with a more clearly defined type II heterojunction made of P3HT and an inorganic
semiconductor arises. One promising semiconductor for this purpose is the wide bandgap semi-
conductor 6H-SiC. Hence, in the following Section[6.2] heterojunctions with P3HT and 6H-SiC
will be investigated.

Photovoltaic properties of P3HT /silicon heterojunctions

Additionally to the wavelength-dependent measurements, current-voltage characteristics of the
P3HT/Si heterojunctions have been measured under illuminated with a halogen lamp with an
intensity of 100 mW/cm?. The relevant quadrants are shown in Figure for heterojunctions
with P3HT and n-type silicon (a) and p-type silicon (b), with the dark current (solid line) and
the current under illumination (dash-dotted line).

The P3HT/n-Si heterojunction does not show any open-circuit voltage and thus has an efficiency
of zero. However, it shows a photocurrent for the relevant wavelengths when a bias is applied.
Thus, the problem is the efficient extraction of the photogenerated charge carriers without an
applied bias, as already described for the wavelength dependent photocurrent measurements
above.

The P3HT/p-Si heterojunction exhibits an open-circuit voltage of 0.15 V, a short-circuit current
density of 5.5 x 1073 mA/cm?, and a fill factor of 0.22 which leads to the small efficiency of
1.8 x 107* %. As the electrons which are excited in the silicon are trapped at the P3HT/p-Si
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Figure 6.9: Proposed band alignment of the P3HT/n-Si (a) and the P3HT/p-Si heterojunction

(b) as derived from the current-voltage measurements.

interface, as drawn in Figure [6.8] only the P3HT contributes to the photocurrent. Furthermore,
only a small part of the halogen spectrum is absorbed by P3HT. Nevertheless, in contrast to the
P3HT/n-Si heterojunction, an open-circuit voltage is observed. Thus, charge carriers which are
extracted from the P3HT at the P3BHT/p-Si and P3HT/ITO interfaces are responsible for the ob-
served photovoltaic properties. The small fill factor may be due to possible defects at the P3HT
interfaces which create a space charge region, which influences the shape of the current-voltage
characteristics and reduces the power generation [Gup10, Wag10, KumQ9]. Furthermore, the
small fill factor is a sign for field-dependent dissociation processes [Man0O7al], which is in ac-

cordance with our observations.

6.1.3 Comparison of heterojunctions made of P3HT and silicon

nanocrystals or bulk crystalline silicon

Hybrid heterojunctions made of P3HT and bulk crystalline silicon or with silicon nanocrystals
behave quite differently. Compared to the P3HT/Si-nc bulk heterojunctions, the diode char-
acteristics of the P3HT/S1 bilayer heterojunction is much more pronounced, as the forward

current is higher. However, the open-circuit voltage of the P3HT/S1 heterojunctions is signifi-
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Figure 6.10: Current-voltage characteristics of P3HT/n-Si (a) and P3HT/p-Si heterojunctions
(b) in the dark (solid line) and under illumination (dash-dotted line) with a halogen lamp with
an intensity of 100mW/cm? from the P3HT side.

cantly smaller and even for illumination with white light it does not exceed 0.1 V, while in bulk

heterojunctions with silicon nanocrystals it can reach up to 0.76 V.

When comparing the two heterojunctions, several differences stand out, which are possible rea-
sons for the discrepancy between the two systems: The heterojunction with the bulk silicon
has a much smaller effective interface to dissociate the excitons. Furthermore, the surface ter-
mination and, in particular, the defect density of the bulk crystalline silicon and the silicon
nanocrystals are different. The different dimension of tens of nanometers for the active layer of
the bulk heterojunction and several hundreds of micrometers for the silicon and about 1 um for
the P3HT in the case of the bilayer heterojunction must also been taken into account. Addition-
ally, the different contact materials of the metal/semiconductor interfaces will also influence the

open-circuit voltage.

The P3HT/Si-nc bulk heterojunction provides a promising route to a low-cost solar cell, which
is corroborated by the high open-circuit voltage which was measured. Despite the differences
in the sample structures of the bulk heterojunction and the bilayer heterojunction, the P3HT/Si
bilayer heterojunction can provide valuable insights in parameters which could not be investi-
gated with silicon nanocrystals based bulk heterojunctions: The most interesting parameter is
the doping level and type, which has no influence on the P3HT/Si-nc heterojunctions, while the
doping type is responsible for the diode direction in P3HT/S1 bilayer heterojunctions. For the
latter case the depletion layer at the semiconductor interface is responsible for the diode char-
acteristics and, thus, the doping is essential. In contrast, for the P3HT/Si-nc bulk heterojunction
the P3HT seems to be the dominant semiconductor which determines the diode direction. How-

ever, also the high defect density of the silicon nanocrystals and a pinning of the Fermi level may
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explain that the doping has no influence in P3HT/Si-nc bulk heterojunctions. Furthermore, in
the P3HT/Si bilayer heterojunction the exact alignment of the energy levels could be determined
via current-voltage measurements when n-type silicon is used. In contrast, for P3HT/Si-nc bulk
heterojunctions only the relative band alignment could be detected via LESR measurements.
Hence, as the bilayer heterojunction without silicon nanocrystals is more clearly defined with
less degrees of freedom, the investigation of such heterojunctions reveals important properties
of organic-inorganic heterojunctions even though a direct comparison between a bulk and a

normal heterojunction has turned out to be difficult.

6.2 Heterojunctions made of bulk 6H-silicon carbide and
P3HT

As described in the previous Section[6.1] when using a P3HT/n-Si heterojunction for solar cell
applications, a barrier between the silicon valence band edge an the HOMO of the P3HT builds
up. To overcome this limitation, we choose n-type 6H-SiC, where the valence band edge is
well below the HOMO of P3HT, as a counterpart for P3HT to form a hybrid P3HT/6H-SiC
heterojunction. The literature values of the energy levels of P3HT and 6H-SiC suggest that the
heterojunction should allow an efficient splitting of excitons at the interface, rather than recom-
bination or energy transfer [[Gow006], and thus provide a reasonable open-circuit voltage. In
addition, the use of 6H-SiC, which has an indirect band gap of 3.0 eV [Lev01], is advantageous
as P3HT can be illuminated in the visible spectral range through the 6H-SiC directly at the
heterojunction due to the large band gap of 6H-SiC. Hence, a large part of the absorption in the

P3HT takes place directly at the interface where the excitons can be dissociated.

The different possibilities for the energetic alignment of two semiconductors have already been
described in Section [2.2] Dependent on the exact interface and semiconductor properties, the
energy levels can shift relative to each other by up to several hundreds of meV [Ish99]. Thus,
in this section, the band alignment of the P3HT/6H-SiC heterojunction will be determined with
two different approaches. Furthermore, the photovoltaic properties of the heterojunction will be

examined.

6.2.1 Fit of the dark current-voltage characteristics

The positions of the energy levels of P3BHT and 6H-SiC are shown in Figure (a), in which
the range of the literature values (see Chapter 3 for the energy level positions of the two semi-
conductors is shown in grey and the continuous black lines represent the averages. Also shown
in Figure[6.11] (a) are the Fermi levels of n-type 6H-SiC and P3HT as dash-dotted lines and the
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values of the work functions of the metals which were used for ohmic contacts. The expected
band diagram due to Fermi level alignment of 6H-SiC and P3HT is shown in Figure [6.11] (b),
where a space charge region in 6H-SiC with the corresponding band bending is present. In
P3HT, which is undoped, no band bending is expected, which was confirmed by surface pho-
tovoltage measurements on P3HT under vacuum. The relative alignment of the two semicon-
ductors is derived from the alignment of the Fermi levels of 6H-SiC and P3HT (see Chapter [3).
From the estimated band alignment we can conclude that for the P3HT/6H-SiC heterojunction

forms a type II heterojunction and hence is able to extract photo-generated charge carriers.
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Figure 6.11: (a) The energy bands of the materials used for the P3HT/6H-SiC heterojunction.
The ranges of the literature values for 6H-SiC and P3HT are shown in grey, while the continuous
black lines represent the average values. The dash-dotted lines show the Fermi levels in 6H-SiC
and P3HT. (b) The band alignment of the P3HT/6H-SiC heterojunction as expected from Fermi

level alignment.

In Figure [6.12] the dark current-voltage characteristic (open squares) of a P3HT/6H-SiC het-
erojunction is shown in linear and semilogarithmic plots, including the fit (red line) and the
individual components of the fit, the shunt resistance Rsy (dashed line), the diode (dotted line)
and the space-charge limited current (solid line). The sample preparation of the P3HT/6H-SiC
heterojunction, which has, in contrast to the P3HT/Si heterojunction, a 150 nm thick P3HT
layer and a transparent gold contact, is described in detail in Subsection [#.1.2] For the current-
voltage characteristics the positive voltage corresponds to a positive potential on the P3HT side
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of the junction. The symmetric shape of the current-voltage characteristics in the semiloga-
rithmic plot (Figure [6.12] (b)) at small voltages is a strong indication for a shunt resistance Rgp,
which governs the reverse current of the diode. This can be fitted by Rg, = 5.2 kQ cm?, and
is also shown in Figure [6.12] (b). Taking this value of Rgy, the current-voltage curve was fitted
using the proposed model of a series connection of a diode and a SCLC element, as shown in
Figure[2.16] The overall fit, given by the red line in Figure[6.12] is in very good agreement with
the data.
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Figure 6.12: Dark current-voltage characteristics of the P3HT/6H-SiC heterojunction in a lin-
ear (a) and a semilogarithmic (b) plot. Besides the measured data (open squares) and the fit (red
line), also the different contributions to the fit, the shunt resistance Rsy, (dashed line), the diode

(dotted line) and the space-charge limited current (solid line) are plotted.

The extracted diode parameters, which describe the forward direction in the voltage range of
0.6 - 0.9 V, before the SCLC dominates at higher voltages, are the ideality factor n = 2.9 and
the saturation current density Jg = Is /A = 3.5x10~® mA/cm?. By using Equation , a barrier
height of e@p, = 1.1 €V can be extracted from the saturation current. The forward direction is
defined by the injection of electrons from the conduction band of 6H-SiC, where most of the
donors are ionized at room temperature [Ruf94], into the LUMO of P3HT. Since the P3HT is
undoped, injection of holes into the valence band of 6H-SiC should be negligible. The calcu-
lated barrier is therefore the barrier for thermionic emission of electrons from 6H-SiC to the
LUMO of P3HT. In the reverse direction, electrons are injected from the ohmic Au contact,
which is energetically aligned with the highest occupied molecular orbital (HOMO) of P3HT,
into the LUMO of P3HT. The electrons must overcome a barrier of about 1.9 eV, though this
value could be reduced by the presence of surface defect states. Thus, the forward and the re-
verse directions of the diode are governed by different barriers at different interfaces, in contrast
to standard thermionic emission diodes. Furthermore, a high defect density, leading to a strong
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recombination at the heterojunction interface, is indicated by the large ideality factor [Bre(09].
The values for the SCLC element, as extracted from the fit of the dark current-voltage charac-
teristics, are m = 1.3 and k = 0.7 mA/cm? V!, Because of the series connection, the current
through the diode and the SCLC resistance is the same, but the voltage is divided over both el-
ements. This means, for example, that at a voltage of 0.5 V about 0.35 V drop at the diode and
about 0.15 V drop at the SCLC resistance in the P3HT. However, in Figure [6.12](b) the different
contributions of the space-charge limited current and the diode for the fit are shown under the

assumption that the entire voltage drops either at the SCLC resistance or at the diode.

Two different faces of the 6H-SiC sample, the Si face and the C face, were used for P3HT/SiC
heterojunctions, but no significant effect on the current-voltage characteristics was observed.
This is in accordance with the contact potential difference measurements in which the difference
between the two polarities was determined to be only about 100 meV. Thus, compared to the

determined barrier height of 1.1 eV, the influence of the crystal polarity can be neglected.

The reproducibility of the current-voltage characteristics of the P3HT/6H-SiC heterojunctions is
much better than for P3BHT/Si1 heterojunctions. The differences of the current density at voltages
of 1 V is smaller than one order of magnitude, which still is high but significantly smaller
than the two orders of magnitude which are observed for P3HT/Si heterojunctions. One may
conclude that the better reproducibility can be assigned to the processing of the P3HT/6H-SiC
samples, where the spin-coating and the evaporation of gold may be more defined than the drop-
casting and the ITO evaporation in the case of P3HT/Si samples. However, P3HT/Si samples
which were produced by spin-coating and gold evaporation still exhibited a bad reproducibility.
The difference in the surface termination of the hydrophilic OH-terminated 6H-SiC and the
hydrophobic H-terminated silicon must also be considered. However, a better wetting behavior
of the P3HT is observed on hydrophobic surfaces, thus the difference in the surface termination
will most probable also not be the reason for the difference in the variations of the current-
voltage characteristics. Thus, one can conclude that the reason for the better reproducibility is
the difference of the band alignment between the two inorganic semiconductors and the P3HT.
For the P3BHT/6H-SiC heterojunction, fluctuations of the exact positions of the HOMO of the
P3HT relative to the valence band of 6H-SiC only play a minor role, as the energetic distance
is large, as can be seen in Figure [6.11] In contrast, such fluctuations may have a large influence
on the behavior of the P3HT/Si heterojunction, as the energy difference between the HOMO of
P3HT and the valence band of silicon is small, as illustrated in Figure @
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Figure 6.13: Absorption spectra of 6H-SiC (dashed line) and P3HT (solid line). The arrows
indicate the center wavelengths of the LEDs. Data for the 6H-SiC is taken from Reference
[Phi60].

6.2.2 Current-voltage characteristics under illumination
Current-voltage characteristics under illumination with different wavelengths

To examine the charge generation and separation mechanisms at the heterojunction under opti-
cal excitation, the current-voltage characteristics were measured under illumination with LEDs
with center wavelengths of A = 525 nm and A = 300 nm. These wavelengths were chosen
based on the absorption characteristics of P3HT and 6H-SiC: P3HT has an absorption onset
at 650 nm and has an absorption maximum at about 550 nm, while 6H-SiC has an indirect
bandgap of 3.0 eV and a corresponding absorption edge at about 400 nm. This can bee seen
in the absorption spectra in Figure [6.13] in which also the center wavelengths of the LEDs are

indicated.

If the sample is illuminated from the P3HT side of the junction, both wavelengths generate
a photocurrent and an open-circuit voltage of up to ~ 0.5 V, as shown in Figure [6.14] (a).
In contrast, the current-voltage characteristics under illumination from the 6H-SiC side (Fig-
ure (b)) reveal a photoresponse only for A = 525 nm (green line). The last fact can be
explained by the high absorption coefficient of & = 6.6x10° cm~! for 6H-SiC at 300 nm, which
leads to an absorption of all photons before they reach the interface. In addition, due to the short
diffusion length for holes of approximately 1 - 4 um in 6H-SiC [Pol035], all photo-excited charge
carriers recombine before reaching the heterojunction. In contrast, under UV illumination (blue
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line) from the P3HT side, photons reach 6H-SiC at the heterojunction interface, as P3HT has
an absorption minimum at 300 nm (Figure [6.13). Thus, photons are absorbed in 6H-SiC near
the heterojunction interface and, hence, contribute to the photocurrent. The higher photocurrent
and open-circuit voltage under green illumination from the 6H-SiC side, compared to illumina-
tion from the P3HT side, can be understood by the fact that more photons reach the interface,
since 6H-SiC, in contrast to P3HT, does not absorb at this wavelength. Photons absorbed in the
bulk P3HT will not contribute significantly to the photocurrent because excitons in conjugated
polymers have a binding energy of 0.1 — 0.4 eV [Cam96, |Alv98] and a diffusion length of only
a few nanometers [Mar(05, ZhoO6l]. Thus, they can only be dissociated at the organic/inorganic
interface. The strong reverse bias dependence of the photocurrent under green illumination on
the electric field, in contrast to the photocurrent under UV illumination, can be explained by the
fact that the charge carriers from the P3HT, even after exciton dissociation, are still bound by
Coulomb attraction and can be dissociated by the electric field [Dei09].

In Figure [6.15] the wavelength-dependent photocurrent spectrum of a P3HT/6H-SiC hetero-
junction, which was illuminated from the P3HT side and measured at —1 V, is shown (black
squares). The spectrum was recorded at 90 K and under a bias illumination of a LED with a
center wavelength of 525 nm and an UV deuterium lamp. The bias illumination was used to
generate photo-induced carriers which enhanced the conductivity of the sample, while the low
temperature was chosen to reduce the dark current and enhance the signal-to-noise ratio. In ad-
dition, in Figure the absorption spectra of 6H-SiC (dashed line) and P3HT (solid line) are
shown. The photocurrent spectrum indicates that both materials contribute to the photocurrent,

as the P3HT absorption onset is responsible for a strong increase in the photocurrent and at
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Figure 6.14: Current-voltage characteristics of a P3HT/6H-SiC heterojunction in the dark
(black line) and under illumination with A = 525 nm (green line) and A = 300 nm (blue line)
from the P3HT (a) and 6H-SiC side (b).
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Figure 6.15: Photocurrent of a P3HT/6H-SiC heterojunction (full squares) recorded at 90 K
with an additional bias illumination of a LED with a center wavelength of 525 nm and an UV
deuterium lamp. The absorption spectra of 6H-SiC (dashed line) and P3HT (solid line) are also
shown. Data for 6H-SiC is taken from Reference [Phi60].

smaller wavelengths the photocurrent follows the absorption of 6H-SiC. This observation is in
accordance with the current-voltage characteristics under illumination at different wavelengths,
as shown in Figure[6.14] (a).

The processes described above are shown schematically in Figure [6.16] Photon absorption,
followed by exciton and charge carrier generation in P3HT and 6H-SiC, respectively, is illus-
trated by vertical straight arrows. The exciton dissociation at the P3BHT/6H-SiC interface and
the charge carrier transfer from the 6H-SiC are indicated by curved arrows, while the recombi-

nation of charge carriers is represented by dashed arrows.

Photovoltaic properties

When the heterojunction is illuminated from the 6H-SiC side by a halogen lamp with an in-
tensity of 100 mW/cm?, the current-voltage characteristics exhibits an open-circuit voltage of
0.55 V, a short-circuit current density of 8.2 x 103 mA/cm?, and a fill factor of 0.22 which lead
to an efficiency of ~ 0.001 %. When the heterojunction is illuminated from the P3HT side,
a slightly lower efficiency of ~ 0.0009 % is achieved. The relevant quadrant of the current-
voltage characteristics is shown in Figure for illumination from the P3HT (a) and from the
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Figure 6.16: Schematic representation of absorption, exciton generation and dissociation,
charge generation and transfer, and recombination processes under illumination with different
wavelengths from the P3HT (a) and the 6H-SiC side (b) of the heterojunction.

6H-SiC side (b). The similar efficiencies can be understood by examination of Figure [6.14} Al-
though the photocurrent under green light illumination from the P3HT side is smaller compared
to the photocurrent under illumination from the 6H-SiC side, the spectral response is broader
as also UV light contributes to the photocurrent generation. Thus, the total response under full
spectrum illumination is similar for illumination from both sides of the junction. However, the
overall efficiency is small for several reasons. First, the small interfacial area allows only partial
exciton dissociation after absorption in the P3HT. Second, the spectrum of the halogen lamp is
redshifted compared to the solar spectrum, which is unfavorable for this materials system which
starts to absorb only at A > 650 nm. In addition, the halogen lamp spectrum has only a small
UV fraction, which leads to little contribution from the 6H-SiC. Above that, the gold front con-
tact transmits only 50% - 70% of the light, depending on the exact wavelength. Furthermore,
the fill factor is only 0.2, very likely due to SCLC effects (see Section[2.3), which also limit the
fill factors of organic solar cells [BloO7].

6.2.3 Determination of the band alignment at the P3HT /6H-silicon
carbide heterojunction

In order to obtain more detailed information about the band alignment at the P3HT/6H-SiC
interface, the measurement of the open-circuit voltage was performed as a function of tem-
perature under constant illumination by a xenon lamp. Here, a xenon lamp was used as the
measurements were performed in a setup where the standard halogen lamp with an intensity of
100 mW/cm? could not be used. Instead, the highest light intensity on the sample in the spectral

143



6. Hybrid Heterojunctions with P3HT and Silicon or 6H-Silicon Carbide

(a.) 0005 T T T T T T (b) 0005 T T T T T T
lllumination from P3HT side / lllymination from 6H-SiC side
— 5 A < s
O > = -
< 0.000 = < 0.000 =
£ - £ o
> i 7 | 2 | e i
D e 2 7
% / % 4
S -0.005}- /)’ 1 = -0.005f s -
C 4
g | ,/ dark i % | /'/ dark i
S ’// —-—- light O A —-—- light
_0010 1 | 1 | 1 | _0010 - 1 | 1 | 1 |
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
Voltage (V) Voltage (V)

Figure 6.17: Current voltage characteristics of a P3HT/6H-SiC heterojunction in the dark
(solid line) and under illumination (dash-dotted line) with a halogen lamp with an intensity
of 100 mW/cm? from the P3HT (a) and the 6H-SiC side (b).

region below A > 650 nm was achieved with a xenon lamp. Thus, the open circuit-voltage at
300 K is also lower than typically observed with the standard halogen lamp. The open-circuit
voltage increases with decreasing temperature and finally saturates at a value of about 0.9 V,
as shown in Figure This behavior is also observed in organic solar cells, in which the
open-circuit voltage saturates with decreasing temperature at the maximum open-circuit volt-
age V5&* [Rie04, Ran07]. Similarly, the saturation value of 0.9 V can be identified as the V5&*
of the P3HT/6H-SiC heterojunction. The V5&* in organic solar cells is defined as the difference
between the HOMO of the donor and the LUMO of the acceptor of an organic heterojunction

[Ran07, BraOlal], a definition which can be adapted to our system as follows:
eV = R - S )

where Egg_SiC and Eﬁgﬁo are the energy positions of the conduction band of 6H-SiC and of the
HOMO of P3HT relative to vacuum, respectively. For this purpose, one can deduce from Vi&*
that the energy difference between the HOMO of P3HT and the conduction band of 6H-SiC is
0.9eV.

By adding this value to the value of egp, = 1.1 eV, the bandgap of P3HT is obtained with
eVoe™ +e@pn = 2.0 eV. The optical bandgap of P3HT was determined via absorption spec-
troscopy to approximately 1.9 eV. This value is in good agreement with the value of 2.0 eV de-
termined here, since the exciton binding energy for polymers of 0.1 — 0.4 eV [Cam96, Alv98]
must be added to the value of the optical band gap to obtain the transport band gap. Thus,
the values of V5&* and @g,, which both independently define the relative alignment of the en-

ergy bands, are consistent within the experimental accuracy. The determined alignment of the
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Figure 6.18: The values of the open-circuit voltage for a P3BHT/6H-SiC solar cell at different
temperatures under white light illumination with a xenon lamp (see text for details). At low

temperatures a saturation is observed at a value of about 0.9 eV.

6H-SiC and the P3HT energy levels, as shown in Figure is within the range of the litera-
ture values, shown in Figure[6.11](a), which were used for prediction of the interface energetics.
When using our experimental values for the work functions of 6H-SiC and P3HT, which were
obtained by contact potential difference measurements, and the average literature values for the
HOMO and LUMO of the P3HT, a good agreement between the predicted and the measured
band alignment is achieved.

With the V5@ of 0.9 V and the @p, of 1.1 V, the position of the conduction band minimum
of 6H-SiC relative to the LUMO and the HOMO of P3HT is determined. Furthermore, for
bulk 6H-SiC the energy difference between the Fermi level and the conduction band minimum
is well defined. However, directly at the interface, we only know the total barrier height, ¢g,
which may consist of two contributions: a depletion region in the 6H-SiC and the offset between
the conduction band of 6H-SiC and the LUMO of P3HT. To clarify the different contributions
and hence the exact band alignment at the interface of P3HT and 6H-SiC, surface photovoltage
measurements of the freshly etched 6H-SiC surface were performed and an upward band bend-
ing of 0.3 - 0.4 eV was measured. This band bending at the surface of 6H-SiC was attributed to
Fermi level pinning at surface defect states. When a further charge transfer between the 6H-SiC
and the P3HT is neglected, this can be a rough estimate of the depletion layer in the 6H-SiC at
the heterojunction interface. However, additional measurements will be required to specifically

determine the interfacial band bending following junction formation.
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Figure 6.19: Experimentally determined band alignment at the P3HT/6H-SiC heterojunction.

Comparison of heterojunctions made of P3HT and silicon or 6H-SiC

When comparing the photovoltaic properties of a n-type 6H-SiC/P3HT heterojunction and a
n-type Si/P3HT heterojunction, as described in the previous Section [6.1] the main difference
is the hole transfer to P3HT: While holes can be transfered easily from the valence band of
6H-SiC to the HOMO of P3HT, in the P3HT/n-Si system this is not the case. Rather, a barrier
for the photogenerated holes between the valence band of n-type silicon and the HOMO of
P3HT is observed. This barrier explains the observation that the P3HT/n-Si heterojunction
does not show a photovoltaic behavior. In addition, for a P3HT/p-Si heterojunction, where the
holes are transferred from the HOMO of the P3HT to the valence band of silicon, a barrier
for electrons exists and leads to a significant decrease of the efficiency which cancels out the
broader absorption of silicon compared to 6H-SiC. In particular, under white light illumination
with a halogen lamp with 100 mW/cm? the open-circuit voltage in the P3HT/p-Si heterojunction
is smaller than in the P3BHT/6H-SiC system. While an open-circuit voltage of 0.55 V is observed
for the P3HT/6H-SiC heterojunction at room temperature, in the P3HT/p-Si heterojunction an
open-circuit voltage of only about 0.1 V is measured. These findings show that a hybrid type
IT heterojunction, such as P3HT/6H-SiC, can work well as a solar cell when the band offsets at
the heterojunction interface are large enough. In contrast, in a P3HT/Si heterojunction, barriers

for charge carriers build up due to an unfavorable alignment of the energy levels.
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7 Summary and Outlook

In this chapter, the most relevant findings which have been made during this work will be
summarized. The demonstration of a hybrid bulk heterojunction solar cell based on silicon
nanocrystals as well as the investigation of hybrid bilayer heterojunctions with bulk silicon and
bulk 6H-SiC will be reviewed. Furthermore, an outlook will be given and further promising

directions for the work with such material systems will be discussed.

Summary

Bulk heterojunctions, which are used for state-of-the-art organic solar cells, are also the basis for
hybrid solar cells with inorganic nanoparticles. In this work, silicon nanocrystals with diameters
ranging from 4 — 33 nm, which were produced via gas-phase growth in a microwave reactor,
were used for the fabrication of bulk heterojunction solar cells, where an organic semiconductor
1s mixed with silicon nanocrystals. On such bulk heterojunctions, LESR measurements were
carried out to investigate if a photo-induced charge transfer between the silicon nanocrystals
and the organic counterpart takes place. These measurements were performed for composites
of silicon nanocrystals with either P3BHT or PCBM, which typically act as electron donor or
electron acceptor, respectively. In these composites, the photo-generation of either positive
P3HT polarons or negative PCBM radicals could be detected via LESR. In the PCBM/Si-nc
composite this photo-generation results in about one order of magnitude fewer light induced
PCBM™ anions than in the reference P3BHT/PCBM bulk heterojunction. In contrast, in the
P3HT/Si-nc composite this process takes place to a comparable degree as in the P3BHT/PCBM
heterojunction, resulting in a P3HT polaron density of 2.8 x 10'7 g=!. Due to this fact, and as
P3HT has a higher absorption coefficient than PCBM, the P3HT/Si-nc composite was chosen
as a material system for hybrid solar cells with silicon nanocrystals.

Wavelength-dependent LESR measurements on P3HT/Si-nc composites show that both mate-
rials, the P3HT and the silicon nanocrystals, contribute to the charge transfer. Furthermore, by
means of time-dependent LESR measurements it could be observed that a fast (<1 s) charge
transfer occurs in the P3HT/Si-nc bulk heterojunctions, which is in contrast to a slow trapping
behavior on a timescale of minutes as observed in pure P3HT. Thus, it can be concluded that
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7. Summary and Outlook

a photo-induced charge transfer, in which both materials are involved, takes place in the het-
erojunction. Moreover, in EDMR experiments on P3HT/Si-nc bulk heterojunctions also the

contribution of both materials to the charge transport could be identified.

The optical properties of the P3HT/Si-nc system were investigated via absorption spectroscopy,
whereby an enhancement of the overall absorption range due to the incorporation of the sili-
con nanocrystals could be shown. In addition, it could be proven by absorption spectroscopy
in the visible and infrared spectral range that the P3HT still has ordered domains upon mix-
ing. However, a moderate decrease of the conjugation length of the P3HT in the composites
was identified. The morphology of the P3HT/Si-nc composites was investigated with AFM and
SEM measurements. Here, a considerable intermixing of the two materials was observed due
to the use of chloroform as a common solvent, even if the silicon nanocrystals form agglomer-

ates.

With bulk heterojunction solar cells made of a P3HT/Si-nc composite in a sandwich structure,
open-circuit voltages of up to 0.76 V could be achieved. Thus, working hybrid solar cells with
silicon nanocrystals could be demonstrated successfully. In addition, the contribution of both,
the organic and the inorganic part, to the photo-induced current could be detected by photocur-
rent spectroscopy, which is in accordance with the findings of the wavelength-dependent LESR
measurements. In particular, the photocurrent spectrum and also the open-circuit voltage are
quite different as compared to P3HT Schottky solar cells without silicon nanocrystals. In the
P3HT/Si-nc solar cells, the P3HT acts as electron donor, transferring photo-induced electrons
to the conduction band of the silicon nanocrystals. The silicon nanocrystals, in return, trans-
fer photo-induced holes to the HOMO of the P3HT. However, the efficiency of around 0.01 %
needs to be optimized. This low value is most probably due to the large amount of interface

defects, which are located at the silicon nanocrystal surface and act as recombination centers.

One promising approach to improve the efficiency of bulk heterojunction solar cells are ordered
bulk heterojunctions. For this purpose, one semiconductor is textured with a high aspect ratio
to obtain a large interfacial area and, hence, to efficiently dissociate excitons. In this work, soft
lithography was applied to silicon nanocrystal layers to form an ordered bulk heterojunction.
With this method, the structuring of silicon nanocrystal layers was demonstrated down to a
lateral structure size of about 200 nm. However, as the aspect ratio was still low, no increase of
the efficiency in P3HT/Si-nc heterojunctions with structured silicon nanocrystal layers could be
achieved. Nevertheless, it has been demonstrated that soft lithography can be a tool to structure

nanocrystal layers and may be used for ordered bulk heterojunctions.

In P3HT/Si-nc solar cells it is difficult to determine the exact band alignment of the energy
levels of P3HT and the silicon nanocrystals at the heterojunction interface due to the large
influence of the morphology. Thus, to achieve a better understanding of the interface energy

level positions, heterojunctions of bulk crystalline silicon and P3HT were investigated as a
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model system. On such bilayer heterojunctions current-voltage measurements were performed
under illumination with high power LEDs of different wavelengths, which allow a selective
excitation of charge carriers in P3HT, silicon, or both materials. From these measurements a
disadvantageous energy band alignment of the valence band of silicon and the HOMO level of
P3HT was observed. Hence, in contrast to bulk heterojunctions with silicon nanocrystals, only a
small open-circuit voltage of 0.1 V is found in heterojunctions with bulk silicon. These findings
reveal that for the silicon nanocrystals other effects, most likely the dangling bond defects at the

surface of the nanocrystals, are responsible for the band alignment.

In hybrid heterojunctions with bulk silicon and P3HT a barrier for the transfer of photo-generated
holes from the valence band of silicon into the HOMO of P3HT could be identified. To over-
come this limitation, silicon was replaced by the semiconductor 6H-SiC for the formation of a
hybrid P3HT/6H-SiC heterojunction. Here, the valence band edge of 6H-SiC is well below the
HOMO of P3HT. To model the current-voltage characteristics of the P3HT/6H-SiC heterojunc-
tion, an equivalent circuit was proposed, which includes a diode, a space-charge limited current
element, and a shunt resistance. The current-voltage characteristics of the P3HT/6H-SiC het-
erojunction could be described by thermionic emission of electrons from the conduction band
of the n-type 6H-SiC over a barrier into the LUMO of P3HT. From the diode fitting parame-
ters, this barrier was determined to 1.1 V. This value is in excellent agreement with the offset
of 0.9 V between the conduction band of 6H-SiC and the HOMO of P3HT, which was deter-
mined from temperature-dependent measurements of the open-circuit voltage under illumina-
tion. Thus, the band alignment could be determined via two different approaches. Furthermore,
under white light illumination a significant open-circuit voltage of 0.55 V at room temperature
was achieved.

Outlook

One important challenge for bulk heterojunction solar cells with silicon nanocrystals is to in-
crease the efficiency. However, the high defect density of the silicon nanocrystals is supposed to
lead to large recombination losses. As shown recently, the efficiency of P3HT/Si-nc solar cells
can be increased with silicon nanocrystals which exhibit a smaller surface defect density, which
was achieved by etching and low-temperature annealing of the nanocrystals [Niel10, Niell]]. In
addition, the regioregularity of the P3HT and the size of the silicon nanocrystals are further
important material parameters to obtain higher efficiencies [Liu09, Nielll]. Thus, the develop-
ment of the single components of the bulk P3HT/Si-nc solar cell is a promising way. Another
option is the combination of the silicon nanocrystals with the organic semiconductor via the
functionalization of the silicon nanocrystal surface with organic molecules. This could lead to
an optimized morphology and to reduced losses at the interface. However, up to today only
the functionalization with isolating molecules has been achieved [Man0O7b, BauO6b, Nell0].
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7. Summary and Outlook

Instead, a functionalization with semiconducting molecules with energy levels similar to the
P3HT would be ideal. A further interesting possibility is the use of smaller nanocrystals, where
the quantum confinement could lead to a larger bandgap, facilitating the hole transfer to the
P3HT. In addition, SiGe alloys are a very interesting material system for nanocrystals, as they
have a higher absorption coefficient than silicon, while the bandgap, up to a germanium fraction
of about 80 %, is still about that of silicon [Gju07]. This would lead to a higher absorption in

the inorganic part of a hybrid bulk heterojunction without a loss in the open-circuit voltage.

Another approach is the use of silicon nanowires, either from bulk silicon or from e.g. chemical
vapor deposition [T'sa07]. This material system provides a large interfacial area and can lead
to enhanced efficiencies due to a better charge extraction, similar to results on hybrid bulk
heterojunction solar cells with nanowires of CdSe [Huy02]. To provide a better band alignment
at the heterojunction interface, a functionalization with molecules which introduce a dipole may
be performed, as shown in P3HT/TiO; heterojunctions [[GohO7]]. However, also the use of other
organic semiconductors with different HOMO and LUMO levels, as compared to P3HT, is an

interesting option.

Finally, 6H-SiC is an interesting material for hybrid bulk heterojunction solar cells. In particular,
as solar cell prototypes made of P3HT/6H-SiC bilayer heterojunctions have been demonstrated
in this work, further investigations on hybrid bulk heterojunctions with silicon carbide may be
promising. For this purpose, silicon carbide nanoparticles or nanowires, which can be produced
by various methods [HonO3, [LiuO7], can be used. Furthermore, by choosing different poly-
types, silicon carbide with different band gaps can also be used in hybrid heterojunctions for

photovoltaic applications.
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Abbreviations
Abbreviation Description
6H-SiC 6H silicon carbide
AFM Atomic force microscopy
AM Air mass
BET Brunauer, Emmett, and Teller
CB Conduction band
CPD Contact potential difference
EDMR Electrically detected magnetic resonance
EDX Energy-dispersive X-ray spectroscopy
ESR Electron spin resonance
FTIR Fourier transform infrared
HOMO Highest occupied molecular orbital
LED Light-emitting diode
LESR Light-induced electron spin resonance
LUMO Lowest unoccupied molecular orbital
n-Si n-type silicon
p-Si p-type silicon
Pt Positive polaron
P3HT Poly(3-hexylthiophene)
PCBM [6, 6]-phenyl-Cg;-butyric acid methyl ester
PCBM™ Negative PCBM anion
PDMS Poly(dimethylsiloxane)
PEDOT/PSS Poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)
SCLC Space-charge limited current
SEM Scanning electron microscope
Si-db Silicon dangling bonds
Si-nc Silicon nanocrystals
SiOy-np Si0, nanoparticles
TEM Transmission electron microscope
VB Valence band
uv Ultra violet
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Symbols
Symbol Description Unit
A Area m?
A* Effective Richardson constant A/em? K?
By External magnetic field T
Bires Resonant magnetic field T
d Thickness cm
dBET Silicon nanocrystal diameter determined by BET nm
D Diffusion coefficient cm?/s
E Energy eV
Er Fermi level eV
E; Intrinsic Fermi level eV
E; Characteristic trap energy eV
Eqap Energy gap eV
Evac Vacuum level eV
Egg’SiC Energy of the conduction band edge of 6H-SiC eV
ERS Energy of the HOMO of P3HT eV
FF Fill factor —
g g-factor —
1 Current A
In Current at the maximum power point A
Is Reverse saturation current A
Ipn Photocurrent A
Liight Transmitted light intensity W/m?2
Il(i)ght Incident light intensity W/m?
J Current density Alem?
Js Reverse saturation current density Alcm?
Jsc Short-circuit current density Alem?
kscLc Prefactor of the SCLC Alcm? V™
k Wave vector cm™!
[ I=T)T —
L Diffusion length cm
m Exponent of the SCLC —
m* Effective mass kg
n Ideality factor —
nj Intrinsic charge carrier concentration cm™
n(E) Trap density of states cm3/eV
Np Donor impurity concentration cm ™3
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M

PLight
R(2)

Rsh

T(4)

Vi
Vm
Vi
VB
Voc
Vepp

Vspv
max
Voc

Total trap density
Power of the light
Spectral reflectance
Series resistance
Shunt resistance per area
Temperature
Spectral transmittance
Characteristic trap temperature
Voltage
Build-in potential
Voltage at the maximum power point
Voltage drop at heterojunction
Voltage drop in the bulk
Open-circuit voltage
Contact potential difference
Surface photovoltage
Maximum open-circuit voltage

Width of the space charge region

Absorption coefficient
Electronegativity
Offset of the conduction bands
Offset of the valence bands

Peak-to-peak linewidth of ESR spectrum

Relative permittivity
Potential barrier height for electrons
Potential barrier height for holes
Work function metal
Work function semiconductor
Efficiency
Wavelength
Mobility
Standard deviation
Specific BET-surface
Electron affinity

< << <K< <K<K <K<K <K

o)
=

cm

eV
eV
mT

eV

eV

%

nm
cm?/V's

m?/g
eV
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