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“Make everything as simple as possible, but not simpler.”

Albert Einstein



Zusammenfassung

Steuerung der elektronischen Kontakteigenschaften in

organischen Polymer- Fulleren Solarzellen

Weltweit werden mehrere Dutzend Terawatt Elektrizitat konsumiert. Wenn So-
larenergie einen bedeutenden Teil zur Energieerzeugung der Zukunft beitragen
soll, muss die Fabrikation von Solarmodulen von der heutigen Einzelfertigung
im Gigawatt-Bereich auf Prozesse umgestellt werden, die Terawatt erlauben.
GroBflachiger, Rolle-zu-Rolle (R2R) Druck ermdglicht Solarzellenfertigung im
Terawatt-Bereich.

Organische Photovoltaik ist eine der sehr vielversprechenden Technologien fiir die
Produktion in Druckverfahren. Die 10 % Hiirde wurde nach groflen Fortschrit-
ten in der Effizienzsteigerung in den letzen Jahren genommen. Jetzt stehen
hauptsachlich die Losung von groitechnischen Produktions- und Haltbarkeitsprob-
lemen im Fokus der Wissenschaft. Die Entwicklung der Zwischenschichten organ-
ischer Solarzellen, die sich zwischen aktiver Schicht und Elektrode befinden, ist von
zentraler Bedeutung um diese Herausforderungen zu losen. Die Zwischenschichten
werden dazu genutzt die Effizienz zu maximieren, die Polaritat der Bauteile zu
definieren und um die Lebensdauer zu erhohen. Abgesehen von ihrer Funktion-
alitat, sollen die Zwischenschichten auch die Anforderung fiir die gro3flachige Pro-
duktion im Druckverfahren erfiillen. Metalloxide sind sehr vielversprechende Kan-
didaten um die Funktionalitaten bei den geforderten Prozessierungsbedingungen
zu gewahrleisten.

Diese Arbeit konzentriert sich auf Zinkoxid (ZnO) und dotiertes Zinkoxid als
elektronenselektive Schicht. Die relativ niedrige Leitfahigkeit von intrinsischem
Zinkoxid begrenzt die Schichtdicke auf einige wenige Dutzend Nanometer. Durch
elektrische Simulationen konnte eine Leitfahigkeit in der Gréfienordnung von 1073
S/cm abgeschitzt werden, die es ermoglicht Zwischenschichten von iiber 1 pym
Dicke zu realisieren. Somit wiirden alle gewiinschten Freiheiten in der Festle-
gung dieses Parameters erfiillt. Diese Leitfahigkeit kann durch die Dotierung von
Zinkoxid mit Aluminium (Al) erreicht werden. In der vorliegenden Arbeit wird
Al-dotiertes Zinkoxid (AZO) als Zwischenschicht aus einer Priakursorenlosung mit
vergleichbarer Leistung wie intrinsisches Zinkoxid in diinnen Schichten eingefiihrt.
Im Gegensatz zu ZnO, kann die Schichtdicke des AZO‘s erhcht werden, ohne die



Effizienz des Bauteils zu reduzieren.

Ein weiterer Teil der Arbeit umfasste die Verbesserung der Abscheidungsparam-
eter, im Speziellen die Ausheiztemperatur des AZO‘s. Durch systematische En-
twicklung der Prakursorenlosung konnte die Ausheiztemperatur auf unter 150 °C
gesenkt werden. Dies ist entscheidend fiir die technologische Relevanz des Ma-
terials, da diese Temperaturen das Arbeiten mit giinstigen Plastiksubstraten er-
lauben. Fiir diesen Prakursorenansatz konnten vollsténdig funktionale Zwischen-
schichten mit bis zu 680 nm Dicke erreicht werden. Dies verifiziert die Relevanz
der simulierten Resultate. Dicke Zwischenschichten konnten sich ausser dem er-
weiterten, stabileren Prozessfenster auch positiv auf die Lebensdauer auswirken.
Solche Lebensdauertests werden mit diesem vorgestellten Material ermoglicht.
Die Oberflache einer elektronenselektiven Schicht spielt eine entscheidende Rolle
bei der Kontaktformierung zur aktiven Schicht. Die Oberflache einer AZO-Schicht
wurde mit Hilfe von selbstorganisierenden Monoschichten (engl.: self-assembled
monolayer (SAM)) manipuliert um deren Einfluss auf die Bauteileffizienz zu un-
tersuchen. Die Leistung der resultierenden Bauteile variierte in Abhangigkeit der
verwendeten SAM von 13 % bis 115 % der unmodifizierten Referenzsolarzelle.
Dies demonstriert die Schliisselrolle der Oberflache von metalloxidischen Zwis-
chenschichten.

Desweiteren wurden die entwickelten Elektronentransportschichten zusammen mit
losungsprozessierten Elektroden getestet. Die zum jetzigen Zeitpunkt bevorzugte
transparente Elektrode Indiumzinnoxid (engl.: indium-tin-oxide (ITQO)) ist teuer
und briichig. Beide Eigenschaften machen I'TO fiir die zukiinftige R2R Produktion
auf flexiblen Substraten uninteressant. Silbernanodrahte sind aussichtsreiche Kan-
didaten als Ersatz fiir ITO. Die Silbernanodrahte (engl.: silver nanowire (AgNW))
sind 16sungsprozessierbar, benotigen nur niedrige Temperaturen und sind zudem
flexibel. AgNW's formieren ein Netzwerk mit einer recht rauhen Morphologie
und missen daher mit einer Zwischenschicht gefiillt und gegléittet werden. Die
entwickelten Zwischenschichten, ZnO und AZO, konnten hierzu erfolgreich einge-
setzt werden. Es wurden vollstindig funktionale Solarzellen mit 2,7 % Effizienz
und iiber 60 % Fiillfaktor demonstriert. Besonders der hohe Fillfaktor ist Aus-
druck der exzellenten elektrischen Funktionalitat der 16sungsprozessierten, trans-
parenten Kathode. Dieser Teil der Arbeit war ein erster Schritt zu vollstandig
l6sungsprozessierten und halbtransparenten Solarzellen, die spéter in der Arbeits-
gruppe realisiert wurden [1, 2].

Fiir Solarzellen in normaler Architektur werden fiir gewohnlich instabile Metalle



mit niedriger Austrittsarbeit als Kathode eingesetzt. Dies limitiert die Lebens-
dauer der Bauelemente. Ein Ansatz hin zu stabilieren Solarzellen ist der Ein-
satz von Metalloxiden zusammen mit stabilen Metallen mit hoher Austrittsarbeit
als Kathode. Die im vorherigen untersuchten Prakursoren fiir AZO zeigten keine
Funktionalitit, wenn sie auf der aktiven Schicht in der normalen Architektur einge-
setzt wurden. Daher wurde eine AZO Nanopartikeldispersion entwickelt, deren
Schichten vergleichbare elektrische Parameter zu den vorherigen Prakursoren bei
nur 80 °C Ausheiztemperatur erreichen. Die Nanopartikeldispersion erméglicht
den Einsatz von AZO Elektronentransportschichten sogar auf vorher abgeschiede-
nen aktiven Schichten ohne die Morphologie zu verdndern oder die sensitiven Ma-
terialien zu beschédigen. AZO Nanopartikel (NP) sind zusammen mit stabilem
Silber ein vergleichbarer Ersatz zu instabilem Kalzium als Kathode.

Auf der Seite der Lochtransportschichten wird typischerweise das organische
PEDOT:PSS eingesetzt. Dieses Material ist jedoch hygroskopisch und sauer,
wodurch es als Quelle fiir die Degradation der Bauteile identifiziert wurde.
Ubergangsmetalloxide werden in dieser Arbeit als Kandidaten mit intrinsisch
hoherer Stabilitat fiir den Ersatz von PEDOT:PSS untersucht.

Zu Beginn wurde Molybdanoxid aus einer Nanopartikeldispersion als Lochtrans-
portschicht (engl.: hole transport layer (HTL)) in organischen Solarzellen einge-
baut. Die Bauteile zeigten vergleichbare Effizienz zu den PEDOT:PSS Referenzen.
Zudem konnte ein erhohter Parallelwiderstand erreicht werden. Jedoch mussten
die Molybdanoxidschichten mit einem Sauerstoffplasma behandelt werden, um
funktionale Filme zu erhalten.

Die Erfahrungswerte aus der Arbeit mit Molybdanoxid wurden danach eingesetzt,
um einen verbesserten Ansatz zu entwickeln. Auf Basis von Wolframoxid wurde
eine Nanopartikeldispersion in einem alkohol-basierten Losungsmittelsystem en-
twickelt. Die verwendeten Wolframoxid NP konnten sehr klein und mit sehr
enger Groflenverteilung synthetisiert werden. Dies ermoglichte glatte Filme, die
nur 80 °C Ausheiztemperatur und kein Sauerstoffplasma fiir funktionale Filme
bendtigten. Diese Dispersion kann selbst in der invertierten Struktur auf der ak-
tiven Schicht eingesetzt werden.

Auf diesem Weg konnten invertierte Solarzellen nur mit metalloxidischen Zwis-
chenschichten mit einem kommerziellen aktiven Material mit hoher Effizienz von
6 % realisiert werden. Dieses Bauteil enthélt somit nur intrinsisch stabile Mate-
rialien als Elektroden, die zudem einen Grofiteil der Anforderungen fiir die Her-

stellung von Solarzellen durch grofiflichige Druckverfahren erfiillen. Interessante,



vielversprechende Lebensdauerstudien mit den in dieser Arbeit entwickelten und

untersuchten Metalloxiden sind somit moglich.
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Chapter 1

Introduction

Today‘s energy generation is heavily dependent on fossil resources. These fossil fu-
els are limited which results in continuously increasing prices. The prices decreased
recently after the fracking method made new resources accessible. But still, burn-
ing of conventional fuels creates great amounts of carbon dioxide (CO2) which is
known to promote global warming. Just this year, the keeling curve, displaying the
COs concentration in the atmosphere over time, approaches and certainly outruns
the 400 parts per million (ppm) mark for the first time in human history (Figure
1.1).

Atmospheric CO, at Mauna Loa Observatory
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FiGure 1.1: Carbon dioxide concentration in the atmosphere measured at
Mauna Loa. [3]



Chapter 1. Introduction 2

In view of this development, the need for renewable and clean energies is rising.
Among these, solar energy takes a special place as it bears the largest potential for
cost reduction. The two main technologies on the market are based on inorganic
materials like silicon (Si) and copper-indium-gallium-diselenide (CIGS). While be-
ing the most competitive options at the moment, both technologies have intrinsic
drawbacks. CIGS needs large amounts of very rare and increasingly expensive
materials like Indium. Silicon itself is the second most abundant element of the
earth crust [22], but to get electronic grade silicon consumes extensive amounts
of energy. On the search for alternatives, photovoltaic based on organic, often
polymeric, materials is getting more and more attention. To a large extent, this
is due to the huge increase in efficiency of these types of solar cells, rising this
relatively young technology on a level with dye sensitized solar cells (DSSC) and
amorphous silicon (a-Si) [23]. Apart from that, the raw materials are generally
earth abundant and inexpensive. Furthermore, organic solar cells are capable
of roll-to-roll production and even solution-processing without the need for high
temperature and vacuum steps on flexible, cheap plastic substrates. This is a key
production technology when the goal is to grow from nowadays gigawatt (GW)
to future terawatt (TW) production. While contemporary production is a hardly
scalable batch-to-batch process, roll-to-roll printing production is easily capable
to be upscaled to TW. The world needs energy generation capacity of a couple of
tens of TW electricity. If solar energy should have a notable share, it needs to be
produced on the TW scale. But before organic or polymer solar cells can address
larger markets, a number of processing and stability issues need to be solved. One
of the main challenges is the design of reliable, environmental robust and easily
processable charge extraction layers. These layers are typically processed between
the semiconductor and the electrode, and, as suggested by their name, selectively
extract one type of carrier while the other type of carrier is rejected. This work
is focused on the processing and characterization of different solution processed
metal oxides as charge extraction layer and relates their optoelectronic material

properties to the solar cell performance.
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Theory of Plastic Solar Cells

2.1 Organic Semiconductors

3 x sp? AOs 4 )
in thgplane j @
\) unchanged 2p,

FIGURE 2.1: Atomic orbitals (AOs) involved in sp2-hybridization. Reproduced
from [4].

Organic semiconductors consist of carbon compounds. The carbon atom has 4
valence electrons that determine the behavior in chemical reactions. 2 electrons
are in the 2s-orbital and 2 in 3 2p-orbitals. If the atom forms a chemical bond, sp?-
hybridization occurs. The 2s-orbital and 2 of the 3 3p-orbitals form 3 sp?-orbitals.
These orbitals have an asymmetric droplet-form and are aligned in one plane with
120° angle between each other. This process is depicted in Figure 2.1. The sp-
hybridized orbitals form either a covalent bond between carbon atoms (o -bonds)
or to hydrogen which is shown for the example of an ethene (CyH,) molecule in Fig-
ure 2.2. The remaining p,-orbitals of the carbon atoms form additional 7w-bonds.

As the m-bond is weaker than the o-bond, the energetic level of the m-electrons is

3
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closer to the vacuum level. Therefore the energy (or bandgap) between the lowest
unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital
(HOMO) is narrower than for o-only hydrocarbon molecules. The bandgap of such
an unsaturated hydrocarbon is lower than for a saturated hydrocarbon. A typical
bandgap is between 1.5 and 3 eV which makes the material a semiconductor that

absorbs light with visible wavelengths [24].

rc bond
? M
e O bonds o bonds
8 bond

FIGURE 2.2: 2 carbon (C) and 4 hydrogen (H) atoms form an ethene molecule.

sp2-orbitals of the carbon atoms and the s-orbitals of the hydrogen atoms overlap

to form covalent o-bonds (green). The remaining p,-orbitals of the carbon atoms
form weaker bound m-bonds (red+blue). Reproduced from [4].

In contrast to inorganic semiconductors which are usually employed in crystalline
form, organic semiconductors are mostly amorphous. Therefore no classical band
structures occur, but localized densities of states. The fermi energy is the energy
up to which all lower lying states are occupied by fermions (here: electrons) at
T=0 K. Many classical methods of band theory of inorganic semiconductors can
be applied to organic semiconductors with the analogues LUMO = conduction
band and HOMO = valence band.

A further very important difference between organic and inorganic semiconductors
(e.g. Sior GaAs e ~ 12 [24]) is the much lower dielectric constant (€) in organic
semiconductors (typically ~ 3 [25]). As the coulomb attraction is proportional to
1/e, it is stronger in organic materials than in inorganic ones. The coulomb at-
traction and the more localized confinement of electrons and holes to ~ a molecule
length, lead to heavily bond electron-hole pairs (Frenkel excitons). These excitons
in organic semiconductors have typical binding energies between 0.4 to 1.4 eV [26].
Excitons in inorganic semiconductors have much lower binding energies and can be

dissociated thermally. This process is very inefficient in organic semiconductors.

The charge carrier mobility of organic semiconductors is typically lower than in
inorganic semiconductors. The carriers in organic materials have to travel through

thermally activated hopping processes over defects or from one molecule to the
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other. This is rather inefficient and limits organic devices to thicknesses in the

order of a few hundred nanometers.

As the charges are heavily localized, organic semiconductors absorb in rather nar-
row bands. But the absorption coefficient in these areas is very strong (about 3
orders of magnitude larger than silicon) [27]. Therefore a few hundred nanometers
of thickness is enough to absorb a large portion of the photons. Hereby organic
semiconductor materials are still suitable materials for a solar cell and have the

advantage to save material at the same time.

PC4,BM

FIGURE 2.3: Chemical structures of important molecules and polymers.
Adapted with permission from [5].

Organic semiconductors can be divided in two groups. Long-chained, conju-
gated polymers which contain many identical molecule units and compact small
molecules. Examples for a small molecule used in this work are fullerene derivates
as depicted in Figure 2.3. Here, either the solubilized versions of the Cgy or Crg
fullerene, namely [6,6]-Phenyl-Cg;-butyric-acid-methyl-ester (PCBM) and [6,6]-
Phenyl-C7;-butyric-acid-methyl-ester (PC[70]BM) are used. They are the stan-
dard acceptor materials in the field. In this work, only conjugated polymers
were employed as donors for the photoactive layer. An important example for

a conjugated polymer is poly(3-hexylthiophene-25-diyl) (P3HT) (also shown in
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Figure 2.3). Apart from the active layer, conjugated polymers are employed as
interface layers. The most commonly employed hole selective layer is poly(3,4-

ethylendioxythiophene):poly (styrenesulfonate) (PEDOT:PSS).
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2.2 Bulk Heterojunction

The absorber layer of a solar cell should convert photons in free charge carriers
that can be collected at the respective electrodes. This process can be seperated in
5 steps with respective efficiencies: (i) Absorption of photons (7.4ss), (ii) generation
and diffusion of excitons (np;fr), (iii) separation of the exciton (ns.,), (iv) charge
carrier transport to the electrode (9rqns) and (v) charge carrier extraction at
the electrode (ngt) [5]. The external quantum efficiency (EQE) is described by
the product of these five terms, while the internal quantum efficiency (IQE) is
IQE = npiff * NSep * Nrrans * NExt- 10 other words, the EQE is the relation
between incident photons to extracted charge carriers at the electrodes and the
IQE relates absorbed photons to extracted charge carriers. In inorganic materials,
the absorption of light leads directly to quasi-free charge carriers (see section 2.1).
Absorbed photons create heavily bound excitons in organic materials. Efficient
exciton separation takes place at the interface of two materials with sufficiently
different electron affinity and ionization potential. The electron ends up at the
material with higher electron affinity (acceptor), while the hole goes to the material
with lower ionization potential (donor). The first organic solar cells employed a
bilayer heterojunction as depicted in Figure 2.4 [28]. The generated excitons are
separated at the interface of donor (D) and acceptor (A). A big limitation of the
bilayer structure is, that the optical absorption depth (= 300 nm) of usual organic
materials is roughly a factor of 10 larger than the exciton diffusion length (less
than 20 nm) [5]. An exciton needs to find an interface to get separated within
the exciton diffusion length. Only the volume of the active layer that is less then
+ /- exciton diffusion length apart from the interface is contributing to free charge

carrier production [6].

This limitation is largely overcome by the concept of the bulk heterojunction, an
intimate mixture of donor and acceptor. The morphology of the bulk heterojunc-
tion has to be optimized to provide a maximum interface area between D and A,
while still maintaining good charge carrier transport to the electrodes at the same

time (see Figure 2.5) [5, 6].

The IQE of efficient organic solar cells is usually quite high [29]. Not absorbed
or “too hot” photons are typically the largest loss mechanisms. Photons with
less energy than the bandgaps of the active layer materials are not absorbed.

Additionally, photons with larger energy than the bandgap generate excitons that
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D

active zone

iy Fat
{2 {2

FIGURE 2.4: In bilayer devices, charge carriers can be dissociated at the donor

(D) - acceptor (A) material heterojunction. Only excitons generated within dif-

fusion distance to the interface can contribute to the photocurrent. Reproduced
with permission from [6]. Copyright 2008, Springer.

active zane

FIGURE 2.5: In bulk heterojunction devices, charge carriers can be dissociated

throughout the volume of the active layer. Thus every absorbed photon in the

active layer can potentially contribute to the photocurrent. Reproduced with
permission from [6]. Copyright 2008, Springer.

loose their additional energy through dissipation (thermalization). For example,
P3HT has a rather large bandgap which makes it only sensitive to about 50 %
of the available photons in the spectrum of the sun [5]. The portion of absorbed
photons can be increased through implementation of ternary absorber concepts
[13]. Tandem architectures, which use two absorbing layers with complementary
bandgaps, can reduce both loss mechanisms by increasing the number of absorbed

photons and decreasing the thermalization losses at the same time [30].
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2.3 Electrical Description of Solar Cells

The most important characterization method for solar cells is the measurement of
the j-V characteristics. The main parameters of a solar cell can be derived from

this measurement curve.

lc+

SZ D, @ lsc Rp

Rs

FIGURE 2.6: Replacement circuit of a solar cell. The ideal solar cell consists

of the current source Igc with the diode D; in parallel connection. The series

resistance (Rg) and the parallel resistance (Rp) account for the losses in a real
solar cell.

The electronic description of a solar cell can be made by the replacement circuit
which is shown in Figure 2.6. An ideal solar cell can be described by a diode (Dy)
with a current source (Ig¢) in parallel connection. To account for the active area
(A), the current density jso = ISTC is introduced. Real solar cells have a number
of loss mechanisms. The series resistance Rg is larger than 0 and the parallel
resistance Rp is smaller than infinity. The replacement circuit shown in Figure

2.6 leads to following mathematical equation [31]:

j=jsc—im (exp (%) _ 1) - (vEIPRS>

(2.1)

The js¢ and the jp; terms stand for an ideal solar cell. Figure 2.7 depicts a
typical j-V curve of an illuminated and non-illuminated or “dark” solar cell in a
linear plot and the “dark” curve in a logarithmic plot. The short circuit current

density (jsc) and the open circuit voltage (Voc) are directly visible in the linear
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FIGURE 2.7: a) depicts an illuminated (“light”) and a non-illuminated (“dark”)
j-V curve of a solar cell. The key parameters of the solar cell like Voc, jsc,
Vupp and jypp can be derived from the normal illuminated plot. b) The
logarithmic plot visualizes the 3 regimes of the dark j-V curve (i) shunt regime
around V=0, (ii) the diode regime and (iii) the injection regime at V>>Vo¢

[7].

plot. The fill factor (FF) and the power conversion efficiency (PCE, n) can be
calculated using the maximum power point (MPP) and its corresponding voltage
Vupp and current density jypp as well as the power of the illumination (Pr;gn)

with following equations:

FF — Pupp _ Vurpxjupp

Phrrax Voc*jsc
(2.2)
n= Pupp _ FF+Voc*jsc
Piignt Plight
(2.3)

The logarithmic plot of the dark j-V characteristics from Figure 2.7 b) can be
separated in 3 parts. (i) the symmetric region around V=0 that is dominated by
the shunt or parallel resistance (shunt regime), (ii) the linear part that can be
attributed to the diode (diode regime) with a slope proportional to the ideality
factor and (iii) the region at high voltages which is the injection regime. The
series resistance of the devices can be calculated from the inverse of the slope in
forward direction at high voltages and the sum of series and parallel resistance can

be calculated from the inverse of the slope around V=0. Usually, this is directly
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used as Rp, as in most cases Rg<<Rp is valid. Low Rg and high Rp lead to high
FF.
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2.4 Interfaces in Organic Solar Cells

The interfaces between the active layer (i.e. the blend of donor and acceptor)
and the electrode materials play a crucial role. Depending on the material system

used, the main functions and impacts of interface materials are [32]:

e to maximize the open circuit voltage (Voc)

to determine the polarity of the device - inverted or normal architecture

to provide a selective contact for one charge carrier

to enhance the stability of the device

to influence the light distribution and propagation as an optical spacer

2.4.1 Open Circuit Voltage of Plastic Solar Cells

Without ohmic contacts at the interfaces, the open circuit voltage of organic solar
cells is determined by the work function difference between the electrodes [33].
With ohmic contact to the interfaces, Brabec et al. found that the Voc is de-
termined by the difference of lowest unoccupied molecular orbital (LUMO) of the
acceptor and the highest occupied molecular orbital (HOMO) of the donor [8].
Figure 2.8 a) plots the V¢ of solar cells with acceptors of different strengh versus
the acceptor strength. The influence of the electrode work function is minor in
that case (see Figure 2.8 b)). Similar results have been obtained by varying the
HOMO of the donor [34].

The Integer Charge-Transfer (ICT) model is the most relevant theory to describe
the contact formation of active layer and interface layer in this thesis [9]. The ICT
model is valid for interfaces with negligible hybridization of molecular orbitals and
the wave function of the substrate. This is typical for solution processed organic
devices with contacts between conductive interfaces and organic semiconductors.
The model defines two states: (i) the negative ICT state with energy Ejcr—, which
is the energy gained when one electron is added to the organic material to reach the
fully relaxed state, and vice versa (ii) the positive ICT state with energy Erory.

The ICT model describes 3 possible scenarios that are illustrated in Figure 2.9.



Chapter 2. Theory of Plastic Solar Cells

13

Voltage [V]

Voltage [V]

FIGURE 2.8: a) Vp¢ versus acceptor strength and b) Voo versus negative
electrode work function. The slopes S; and So of the linear fits to the data are
given inside the figures. Reproduced with permission from [8]. Copyright 2001,
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e if the substrate workfunction is lower than the Ejcr_ of the organic mate-

rial, electrons will flow from substrate to organic material and the resulting

workfunction is fermi level pinned to F;or_ of the organic material.

e if the substrate workfunction is in between E;cr_ and Ejory of the organic

material, no charge transfer happens and the resulting workfunction equals

the substrate workfunction.

e if the substrate workfunction is higher than the F;or. of the organic mate-

rial, electrons will flow from organic material to substrate and the resulting

workfunction is fermi level pinned to Ejcry of the organic material.

These three scenarios result in a contact alignment that is usually referred to as

“Z of Zorro”. An example is depicted in Figure 2.10.

A more general and detailed review on organic/organic and organic/metal inter-

faces is given in reference [9].
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FIGURE 2.9: Schematic illustration of the evolution of the energy-level align-
ment when a pi-conjugated organic molecule or polymer is physisorbed on a
substrate surface when a) ®syp > Erory: Fermi-level pinning to a positive
integer charge-transfer state, b) Ercr— < ®syp < Eror+: vacuum level align-
ment, and ¢) ®syp < Eror—: Fermi-level pinning to a negative integer charge-
transfer state. The charge-transfer-induced shift in vacuum level, D, is shown
where applicable. Adapted with permission from [9]. Copyright 2009. Wiley
VCH.
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F1GURE 2.10: Dependence of the work function of molecule-coated substrates,

®ora/sup, on the workfunction of bare substrates, ®syp, for APFO-Greenl

[78]. The solid line is added as a guide to the eye, illustrating the slope=1

dependence expected for vacuum level alignment. The dashed lines are added

as guides to the eye, illustrating the slope=0 dependence expected for a Fermi-

level pinned interface. Adapted with permission from [9]. Copyright 2009.
Wiley VCH.
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2.4.2 Impact of Interface Barriers on the Performance of

Organic Solar Cells

Barriers occur if the energy levels of interface layers and active layer materials
are not well matched. Tress et al. [10] investigated the influence of these barri-
ers on the j-V characteristics of small molecule organic solar cells via systematic
variation of donor and hole transport materials with different HOMO levels. In
this way, injection and extraction barriers of 0 to 0.6 eV can be realized and their
effect on the j-V characteristics for bilayer or flat heterojunction (FHJ) and bulk
heterojunction (BHJ) devices can be studied. The layer stack of the investigated
devices and the energy level alignment is shown in Figure 2.11.

a) b)
p-HTL : HTL:donor:C60 :BPhen/Al

~ BPhen 6 nm

C60 |18 nm
4A00nm| s,

HTL 8 nm
p-HTL 20 nm
ITO

Cat

;_HTL donor | s, __\

-
| HTL donor |

l minjection ] ra

I extraction

— )

FIGURE 2.11: Layer stack with p-doped hole-transport layer (HTL) for ohmic
contact to the ITO, intrinsic HTL, the active material stack, and BPhen-Al
contact. The active material stack consists in the case of a FHJ of D (donor)
Cgo or in the case of a BHJ of a blend layer of donor: Cgp with a mixing ratio
of 1:1, followed by 18 nm Cgp. b) Schematic band diagram of a FHJ with ¢y,
as hole-injection or extraction barrier. The type of ¢ (injection or extraction)
depends on the combination of HTL and donor. Adapted with permission from
[10]. Copyright 2011, Wiley VCH.

The Ve of the different configurations for FHJ and BHJ devices is depicted in
Figure 2.12. The important difference between FHJ and BHJ devices is that the
Voc for a FHJ is dominated by the HOMO of the donor and almost independent



Chapter 2. Theory of Plastic Solar Cells 16

of the HOMO of the HTL. If the HOMO of the HTL is higher than the HOMO
of the donor of a BHJ, the HOMO of the HTL limits the Vp¢ due to an injection
barrier. FHJ and BHJ behave differently as for a FHJ, electrons are “not” present
at the donor/HTL interface. Thus electrons cannot recombine at the donor/HTL

interface in case of an injection barrier.
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FIGURE 2.12: V¢ as a function of the HOMO of the donor material with
different HTLs in a) FHJ and b) BHJ solar cells. Reproduced with permission
from [10]. Copyright 2011, Wiley VCH.

Figure 2.13 shows the j-V characteristics for an extraction barrier with FHJ active
layer. For extraction barriers, the qualitative behavior of the j-V characterisitics is
similar for FHJ and BHJ devices (as underlined by the additional curve in Figure
2.13 for a BHJ). The typical s-shape in the j-V curves is observed. The kink is

more pronounced for large barriers.

The main influence of an injection barrier for BHJ devices is on the Voo (see
Figure 2.14). The larger the barrier, the lower the Voo. The shape of the curve

does not change too much, but is shifted to lower Vpo¢'s.

Tress et al. conclude from this study, the accompanying simulations (see [10])
and other data sets of high performance devices that the ideal barrier for small

molecule organic solar cells is a low extraction barrier of around 0.1 eV.
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FIGURE 2.13: j-V characteristics with extraction barriers (¢.) for FHJs with
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also shown and demonstrates the qualitative agreement of the shape of the

j-V curves for extraction barriers for FHJ and BHJ devices.
extraction barrier, the more prominent is the s-shape of the j-V characteristics.

Adapted with permission from [10]. Copyright 2011, Wiley VCH.

FIGURE 2.14: jV characteristics with injection barriers (¢;) for the fixed donor

BPAPF and varied HTL for BHJ solar cells. Voo decreases with increasing in-
jection barrier for a fixed donor. Adapted with permission from [10]. Copyright
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2.4.3 Solution Processed Interface Materials

This work is focusing on solution processed polymer solar cells. Therefore, this
section presents an overview over the most important solution processable inter-
face materials. Numerous non-solution processed interface materials have been
successfully used for organic solar cells and organic light emitting diodes (OLEDs)

and there are serveral reviews in literature [32, 35-37].

2.4.3.1 Organic Materials

For polymer solar cells, PEDOT:PSS is the reference anode interface material
that is commonly used in solution processed devices [38-41]. PEDOT:PSS forms
a selective contact for holes, has a widely tunable conductivity and works with a
large selection of donor polymers with high performance. It is solution deposited
with excellent film forming properties and has a high transparency. Nevertheless,
a lot of research is aiming to replace PEDOT:PSS because of stability issues. Since
PEDOT:PSS is acidic (pH ~ 1), byproducts of PEDOT or side reactions between
the acid and the other solar cell materials can cause environmental degradation of
the devices [42, 43]. The chemical structure of the PEDOT:PSS blend is depicted
in Figure 2.15.

PSS

n
i~

SOH 80; SOH SOH [

PEDOT o w

FIGURE 2.15: Chemical structure of the PEDOT:PSS blend. Adapted with
permission from [11]. Copyright 2003, Elsevier.
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Other solution processed organic materials used as (part of the) cathode are for
example poly(ethylene oxide) (PEO) [44], water-soluble polyfluorene (WPF-6-oxy-
F) [45] or polyoxyethylene tridecyl ether (PTE) [46].

2.4.3.2 Metal Oxides

The most widespread solution processed materials for n-type contacts in OPV are
metal oxides like titanium oxide (TiOy) [46-50] and zinc oxide (ZnO) [48, 51—
56]. The most common issues with these intrinsic oxides are s-shapes in the j-V
characteristics due to the poor conductivity, especially when the films are thick
and not illuminated with UV light. First examples of organic solar cells employing
doped metal oxides as charge transport layer were reported in literature [48, 57, 58].
The enhanced conductivity and charge carrier density of these materials could
allow thicker interface layers, avoid s-shapes in the j-V characteristics and could

improve contact formation to the metal.

Metal oxides can also form highly selective interface materials at the anode. In the
beginning, these materials have been only deposited through vacuum processes.
The most important ones are MoOx [59, 60], VOx [60] and WOx [61, 62]. More
recently solution processing from precursor or nanoparticle dispersions came into
the research focus. A lot of approaches have been presented in literature for
MoO, [63-66], NiOx [67-69], VOx [70, 71] and WOy [71-73]. Typical issues to
solve are the low conductivity that requires very thin films or harsh deposition
conditions, like high temperatures or the need for oxygen plasma treatments to

achieve functional films.

2.4.3.3 Thin Modification Layers

Another group of interface materials are applied in thin semiconducting or insulat-
ing modification layers. The most important groups are self assembled monolay-
ers (SAMs), conjugated polyelectrolytes (CPE), salts [12] and polyethlyenimines
(PEI). These layers are typically applied in thicknesses of <=10 nm. Self assem-
bled monolayers (SAM) with a permanent dipole moment [52] or a fullerene (C60)
[54, 74] were reported in combination with metal oxides, transparent conducting
oxides or metals. In case of the permanent dipole, the SAM layer has the func-

tionality to fine-tune the work function of the interface material to guarantee a
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well selective contact to the semiconductor. Fullerene SAMs were suggested to
modify the surface of the metal oxide and to improve the charge carrier extrac-
tion. More recently, thin solution processed layers of conjugated polyelectrolytes
(CPEs) [75-79] or polyethylenimines (PEI) [80] were as well reported to modify
the interface properties of organic devices. Most often the improvements with
these thin modification layers are only verified experimentally. Just few studies
have been done so far on the origin of the improvement. Thin modification layers
can often modify the work function as depicted in Figure 2.16 [12, 80], saturate
defect states at the interface [81] or change the surface energy for different wetting
properties [82]. Cathode modifications [80] as well as anode modifications were

reported [83].
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FIGURE 2.16: a) Evolution of secondary electron edge with different buffer

layers on ITO, b) scheme for the formation of dipole layer on ITO and its effect

on reducing the work function of ITO. Reproduced with permission from [12].
Copyright 2008, Wiley VCH.
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2.4.4 Large Area Production Requirements for Interface

Layers

After fast progress increasing efficiency of organic solar cells, the important 10 %
hurdle has been taken [84], and even higher efficiencies of up to 15 % are becoming

realistic by exploring tandem technologies.

Nevertheless, further tremendous efforts are required to develop the OPV tech-
nology towards industrial standards. One of the essential, remaining problems
is to develop reliable and environmentally stable as well as mechanically robust
interfaces. Today‘s high performance polymers, with only a few exceptions, only
perform well in the thin film limit around 100 nm [85] and frequently suffer from a
fill factor reduction upon increased film thickness. Either mobility limitations or a
poor morphology in the thick film limit are the reasons for that [86, 87]. However,
such thin active layers bear the risk of thin film defects, like e.g. shunts, negatively
impacting yield and reliability of the production process [87]. A straightforward
approach would be to develop polymers that also perform well in thick layers [87].
This is not only challenging from the chemical side, but also unwanted from the
economical point of view, since thicker films require more of the rather expensive
polymers. Other solutions need to be developed, since material expenses dominate

the balance of modules for fast and large scale printing processes.

An alternative, but smart solution is the reengineering of the electrodes and elec-
trode interface layers such that they provide the necessary reliability for the layer
stack. Thick, stable and robust interface layers, deposited at low temperatures,
encapsulating thin active layers are a viable route to achieve this. Considering
the material properties of known interface layers, poly(3,4-ethylene dioxythio-
phene):(polystyrene sulfonic acid) (PEDOT:PSS) as the p-type side extraction
layer meets most requirements. PEDOT:PSS has a widely tunable conductivity
and is processed at low temperatures. The drawbacks of PEDOT:PSS are stability
concerns, mainly due to the hygroscopic and acidic nature (see section 2.4.3.1).
More stable alternatives for PEDOT:PSS are currently investigated. In the main
resarch focus are transition metal oxides that will be addressed in chapter 5. This
material class is still under development, mainly solving solution processing issues.
Low conductive, intrinsic layers of these materials can be processed up to around

50 nm thickness without limiting device performance (see references of section
2.4.3.2).
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On the n-type side, the most commonly employed ETL materials are TiOx and
Zn0O. The problem setting is similar to the p-type side. Intrinsic TiOx and ZnO
show low conductivities and therefore are limited in the layer thickness. A viable
path to overcome this restriction are doped metal oxides with enhanced conduc-
tivity. ZnO is the prototype material system for doping investigations. Puetz et
al. used an Indium-doped ZnO nanoparticle solution to process EELs with up to

160 nm without great impact on series resistance (Rg) and fill factor (FF) [57].

The interface layer should be applicable on plastic substrates and even organic
active layers. The application on plastic substrates restricts the temperatures
that can be used to a maximum of 150 °C. If the interface layer should be used on
top of previously deposited organic active layers or in tandem devices, additional
limitations apply. A solvent with a low surface energy needs to ensure wet-ability
and should not dissolve underlying layers. The necessary annealing temperature
should be so low that the morphology of already deposited active layers is not
influenced. A target temperature value is 80 °C. Furtermore the solution for
the interface layer should not contain any components that damage the active
layer materials [88]. The compatibility is especially critical for precursors with
numerous initial components and reaction products. Therefore, and because of
the low annealing temperatures, a nanoparticle dispersion is generally preferred
over a precursor. If a precursor is not thoroughly annealed, the residual (organic)
materials can be a degradation source for the device. Metal oxides are a very
promising material group that have the potential to fulfill these requirements.

Therefore metal oxides are in the focus of this work.

The desired properties for large area processable interface layers are summarized

in the following list:

Solution processable

Intrinsically stable

Low temperature processable

Thick and robust

Applicable on plastic substrates and on top of organic layers

Nanoparticle dispersion
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Adapted from Ref. [16] with permission from The Royal Society of Chemistry.






Chapter 3

Experimental Methods and

Materials

3.1 Device Architectures and Sample Layout

(a) (b)

Electrode Electrode
ETL HTL

Active Layer - Active Layer
HTL V. / ETL
Electrode . "~ Electrode
Glass [ / Glass

FIGURE 3.1: Typical layer stacks of polymer solar cells: (a) normal and (b)
inverted architecture.

The solar cells in this thesis were processed with the layer stacks as depicted in 3.1.
The active layer consists of the bulk heterojunction formed by donor and acceptor.
The two different architectures are defined by the position of the interface layers.
For the normal architecture, the electrons are extracted by the electron transport
layer (ETL) on top of the active layer. The holes are extracted through the hole
transport layer (HTL) below the active layer. The interface layers are switched
for the inverted architecture. The electrodes on top and at the bottom are used

for the lateral transportation of the charge carriers.

25
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FIGURE 3.2: Sample layout.

The sample layout is shown in Figure 3.2. The solar cells were processed on glass
substrates with pre-structured bottom ITO electrode. Afterwards, all solution-
processed layers were deposited over the whole substrate area and structured before
the top electrode deposition through a shadow mask via thermal evaporation. The
overlap of top and bottom electrodes defined the active area. Each substrate had

6 devices.

3.2 Materials

3.2.1 Active Layer Materials

The donors used in this work are poly(3-hexylthiophene) (P3HT), poly[(4,4‘-
bis(2-ethylhexyl)dithieno[3,2-b:2,3-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-
benzothiadiazole)-5,50-diyl] (Si-PCPDTBT) and a novel polymer GEN-2 from
Merck.  [6,6]-Phenyl-Cg;-butyric-acid-methyl-ester (PCBM) and [6,6]-Phenyl-
C71-butyric-acid-methyl-ester (PC[70]BM) are the employed acceptors. The
chemical structures of PSHT, PCBM and PC[70]BM are already shown in Figure
2.3. Si-PCPDTBT is depicted in Figure 3.3 and the structure of GEN-2 is not
disclosed by the company.



Chapter 3. Ezperimental Methods and Materials 27

Si N N
f(/ \S /Z ) { 53
S ) n

Si-PCPDTBT

F1GURE 3.3: Chemical structure of Si-PCPDTBT. Adapted with permission
from Ref. [13]. Copyright 2012, Wiley VCH.

3.2.2 Material Properties of the Investigated Metal Oxides

The most important materials for this thesis are zinc oxide (ZnO), molybdenum
oxide (MoOx) and tungsten oxide (WOx). All these materials are semiconductors
with wide band gaps of around 3 eV (ZnO = 3.3 ¢V [89], MoOx ~ 3 eV [90] and
WOy from 2.6 to 3.26 eV [91]). Through the large band gaps, these materials
are transparent for “visible” light and therefore suitable as window layers in solar

cells.

All three materials are found to be n-type in their intrinsic form. ZnO is used as
electron selective layer as the work function is typically around 4.3 eV (measured
with Kelvin Probe in air) [55]. The energetic levels of MoOx and WOx are very
deep. In ultra high vacuum, work functions deeper than 6 eV can be observed
(63, 90]. When these films are exposed to air, the work functions quickly drop
around 1 eV [63]. With such high work functions, these transition metal oxides
form a hole selective contact to the HOMO of the polymers. All values heavily

depend on the synthesis, deposition and annealing conditions.

There are two typical approaches for the solution processing of these materials 1)
from precursor or ii) from nanoparticle dispersion. For both approaches, the post-
processing conditions after the film deposition are crucial. The deposited layer
contains not only the metal oxide in the final state, but also amorphous com-
pounds, organic ligands and solvent residuals. In Figure 3.4, the conversion of a
precursor is depicted during the annealing process. The annealing temperature is
critical for the postprocessing from a precursor solution. For a zincacetate based
precursor, a typical precursor for (doped) ZnO, the differential scanning calorime-

try (DSC) and thermogravimetric analysis (TGA) monitor the energy balance and
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weight of the precursor during heating. In this way, the thermal conversion be-
havior of the material can be investigated. Around 450 °C are necessary for this
precursor to reach the final converted state, when the weight reaches a constant
value and the energy balance is 0. Critical temperatures for the processing of
organic solar cells are much lower in the range from 80 to 150 °C. Therefore, the
annealing temperatures and other postprocessing treatments are very important
for the material properties of the metal oxides and are able to change important

parameters like the conductivity by many orders of magnitude.
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FicURE 3.4: DSC-TGA curves of the calorimetric and gravimetric analysis

during the sol-gel transition and formation of crystalline AZO in a tempera-

ture range from 0 to 600 °C for a zincacetate based precursor. Adapted with
permission from [14]. Copyright 2012, Elsevier.

3.3 Experimental Methods

3.3.1 Deposition and Morphology
3.3.1.1 Doctor Blading

Most solution processed layers in this thesis have been deposited through doctor
blading. The solution containing the material to be deposited, is applied in the slit
between the substrate and the blade. Then the blade moves with a defined speed
over the substrate to apply the wet film. After drying, the film of the material
finds itself on the substrate. The thickness of the film, which can be only a couple
of nm thick, is mainly controlled by the speed of the blade and the solid content in
the solution. The machines used during this thesis were obtained from Zehntner.

Figure 3.5 depicts a device from Erichsen while blading a polymer solution.
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F1GURE 3.5: Doctor blade from Erichsen blading a polymer solution. Adapted
with permission from [15]. Copyright 2009, Elsevier.

3.3.1.2 Thickness Measurement

The thickness of thin films was measured using a profilometer (Tencor). A pro-
filometer scans a surface with a small needle and registers height differences. The
lateral resolution is in the um range due to the diameter of the tip of the needle,
but the height resolution is in the nm range. The thickness of a film can be mea-
sured by removing a part of the film via scratching and measuring the difference
from surface of the film to the bottom of the gap. The layers in section 4.2 were

measured with an interferometer (NanoFocus) in a comparable way.

3.3.1.3 (Conductive) Atomic Force Microscopy (AFM, c-AFM)

Atomic force microscopy (AFM) was used in this thesis to study the surface and
quality of thin films. A thin cantilever is used to scan the surface of the layers
and detects height variations in the nm regime. Topographical measurements were
done using the tapping mode of a Veeco D3100. Conductive AFM measurements
detect the topography and the surface conductivity of a sample at the same time.
These measurements were performed in the contact mode. A voltage was applied
in between the conductive tip of the cantilever and the sample and the current
was detected. These measurements were done with a Bruker Dimension Icon with

a NanoScope V controller.
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3.3.2 Electrical Characterization

3.3.2.1 External Quantum Efficiency

. HMS Elektronik
Varian Cary Monochromatic_ Sample Current from »| Current Amplifier
500 Scan Light sample Model 564

\ EG&G Instruments
Software < 7260 DSP Lock-In
Amplifier

FIGURE 3.6: Scheme of EQE measurement setup.

The scheme of the EQE measurement setup is depicted in Figure 3.6. The samples
were illuminated with monochromatic light by a Varian Cary 500 Scan spectrom-
eter with tungsten light source. The current of the sample cell was pre-amplified
by a current amplifier from HMS Elektronik and then by a EG&G Instruments
Lock-In amplifier. The system was controlled by a custom-made software and

referenced to a calibrated Si diode at the beginning of each measurement session.

3.3.2.2 Conductivity Measurements

In this work, the conductivity of thin film samples was measured in a 2-point
geometry. As the samples are usually highly resistive, the error of neglecting
the contact resistance by not using a 4-point geometry should be quite small.
Moreover, the focus is lying on comparing samples, not so much on absolute values.
The samples for conductivity measurements were prepared as follows. The sample
material was deposited on a glass substrate. The metal electrode of either Al or
Ag was deposited using thermal evaporation through a shadow mask. The shadow
mask had 2 mm wide lines which were spanned by thin metal wires (@ = 50 pm).
The resistance was measured over the fine gaps that these wires created in the
metal line. The conductivity was calculated in Siemens (S) per cm using the slope
of the I-V curve measured over the gap with a source measurement unit (SMU,
Fa. Keithley 236) with equation:
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. Gap widthxSlope (I-V) [ S }

= Layer thicknessxContact width cm

(3.1)

The “Gap width” was measured with an optical microscope, the “Layer thickness”
with a profilometer (see subsection 3.3.1.2) and the “Contact width” was 0.2 cm. In

section 4.2, the conductivity was measured by a potentiostat (Autolab, Metrohm).
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4.1 Electrical Simulations of Electron Transport

Layers

Abstract

A minimum conductivity threshold value for “thick” interface layers was estimated
by using microscopic 1d electrical simulations of a simplified device stack. A mini-
mum conductivity was found that allows to vary the thickness of the interface layer

over a wide range without hampering solar cell performance.

Adapted from Ref. [16] with permission from The Royal Society of Chemistry.
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Ideal electrode
P3HT:PCBM

Interface layer
Ideal electrode

FIGURE 4.1: Simplified device stack used in the simulations. Adapted with
permission from Ref. [16] with permission from The Royal Society of Chemistry.

The electrical behavior of solar cells is simulated to derive a conductivity design
rule for electron transport layers (ETLs). Namely, the minimum necessary con-
ductivity that the series resistance of the ETL is negligible for the device series
resistance and does not affect the performance parameters. The simulations solve
the fully coupled nonlinear equations for the 1d microscopic transport with the
software PC1D [92]. Figure 4.1 shows the simplified stack used for the microscopic
simulation. The thickness and the conductivity (o) of the interface layer are sys-
tematically varied over a wide range of parameters. The parameter set used for

the simulation is given in Appendix A.
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FIGURE 4.2: Simulated j-V characteristics with varying interface layer thick-
nesses for a conductivity of 11073 (a) and 1% 10=% S/cm (b). No limitation of
device performance is observed for 1 % 1073 S/cm, while 1 10~* S/cm heavily
reduces the device performance with increasing interface layer thickness. Re-
produced from Ref. [16] with permission from The Royal Society of Chemistry.

Figure 4.2 shows the results for conductivities of 11072 and 1% 10~* S/cm with a
variation of thicknesses ranging from 30 to 1250 and 30 to 750 nm, respectively. For
a conductivity of 1% 1073 S/cm, no limitation due to the increased interface layer
thickness is observed from the device performance. In contrast, a conductivity
of only 1% 107* S/cm is clearly limiting device performance due to an increased
series resistance for thicker films. If the conductivity is further reduced, the typical

s-shape behavior in the j-V characteristics is found (see Figure 4.3) [10].
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FIGURE 4.3: Low conductive interface layer (¢ = 1¥107° S/cm) induces s-shape
behavior in the j-V characteristics. Reproduced from Ref. [16] with permission
from The Royal Society of Chemistry.

4.1.1 Summary

Concluding, numerical simulations suggest that a conductivity of >= 1 % 1073
S/cm for the interface layer is sufficient to process thick (i.e. > 100 nm) electron
transport layers. These simulations did not take into account secondary effects like
contact barriers, photoconductivity, shunts or photoshunts as well as microstruc-

ture changes in the thick film limit (interface and/or active layer).
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4.2 Comparison of Al-doped Zinc Oxide to In-

trinsic Zinc Oxide

Abstract

In this section, a route to solve one of the big challenges in the large scale printing
process of organic solar cells is demonstrated. The reliable deposition of very thin
layers is problematic. Especially materials for electron (ETL) and hole transport
layers (HTL) (except poly(3,4-ethylene dioxythiophene):(polystyrene sulfonic acid)
(PEDOT:PSS)) have a low conductivity and therefore require thin films with only
a few tens of nanometers thickness to keep the serial resistance under control. To
overcome this limitation, inverted polymer solar cells with an active layer compris-
ing a blend of poly(3-hexylthiophene) (PSHT) and [6,6]-phenyl-C61 butyric acid
methyl ester (PCBM) with solution processed aluminum-doped zinc ozide (AZO)
ETL were investigated. Devices with AZO and intrinsic zinc oxide (ZnO) ETL
showed comparable efficiency at low layer thicknesses of around 30 nm. The con-
ductivity of the doped zinc oxide was found to be three orders of magnitude higher
than for the ZnO reference and was matching the simulated threshold value that
was calculated in the previous section 4.1. Therefore the buffer layer thickness can
be enhanced significantly to more than 100 nm without hampering the solar cell
performance, while devices with 100 nm ZnO films already suffered from increased

series resistance and reduced efficiency.

Section adapted with permission from [17]. Copyright 2011, Elsevier.
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4.2.1 DMaterials and Thin Film Properties of ZnO and HT
AZO

A typical solution processed ETL is intrinsic ZnO. The layers are either deposited
from nanoparticle dispersion [53] or precursor solution [55]. Here, a nanoparticle
approach is chosen as reference material for comparison with the doped ZnO. The
doping of ZnO with Al is a common approach to increase the conductivity of
ZnO [89], but usually either vacuum processes are used for the deposition [89]
or very high annealing temperatures (> 400 °C) for solution processed films (see
subsection 3.2.2) [14]. In this work, solution processed AZO annealed at lower
temperatures is investigated and integrated in devices. The synthesis routes of the
ZnO nanoparticles and the AZO solution are described in Appendix C. The ZnO
film was deposited via doctor blading and dried at 150 °C for 10 min. Conversion
of the precursor to AZO via hydrolysis was achieved by heating the samples to 260
°C for 10 min after doctor blading. This AZO version is therefore named “high
temperature” (HT) AZO. Higher layer thicknesses were achieved via subsequent
deposition steps. In case of HT AZO, an annealing step was applied after each

deposition.

In this section, the electrical conductivity was measured by a potentiostat (Auto-
lab, Metrohm) and the thickness of the thin films was measured by an interferom-
eter (NanoFocus) (see sections 3.3.1.2 and 3.3.2.2).

ETL Crystallite Work Optical Conductivity
size (nm)  function (eV) bandgap (eV) (S/cm)

Zn0O 4.2 4.3 3.45 2.22%107°

HT AZO 4.0 4.2 3.34 2.35 %1073

TABLE 4.1: Comparison between the thin film properties of ZnO and HT AZO.

The properties are very comparable except the three orders of magnitude higher

conductivity of HT AZO. The difference in the optical bandgap cannot be dis-

cussed in terms of the Moss-Burstein model due to the different synthesis, pro-

cessing and conversion conditions of the ZnO versus the HT AZO film. Adapted
with permission from [17]. Copyright 2011, Elsevier.

Table 4.1 compares the optical, electrical and crystallite properties of ZnO vs.
HT AZO. XRD spectra of HT AZO layers reveal a lattice stress in the 002 plane
when aluminum is introduced, indicating that higher concentrations of aluminum
are interstitially built into the lattice. ZnO particles are wurtzite type crystallites

with an average crystal size of 4.2 nm while we find an average crystal size of 4.0
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nm for the converted HT AZO layers [48]. The optical band gap is determined by

plotting (ahv)?

against hv from UV-VIS absorption data. The optical bandgap
can be found by extrapolating the linear portion of the curve to zero absorption
[48]. The transmittance of the two materials is comparable. The most important

difference is the increase in conductivity by about three orders of magnitude for
HT AZO. A more detailed study of the ZnO layers can be found in [48].
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4.2.2 Comparison of ZnO and HT AZO in Solar Cells

Ag
PEDOT.PSS
P3HT.:PCEM
Zn0, HT AZO
ITO

Glass |

\Xw

FIGURE 4.4: Layer stack of the investigated devices for the comparison of ZnO
and HT AZO ETLs. Adapted with permission from [17]. Copyright 2011,
Elsevier.

The layer stack of the investigated devices is shown in Figure 4.4. The j-V charac-
teristics of typical solar cells with thin ZnO and HT AZO layers (around 30 nm)
are depicted in Figure 4.5 and devices with thick ETL layers (above 100 nm) are
shown in Figure 4.6. The solar cell data for all configurations is summarized in
Table 4.2. A device without ETL is shown as reference in Figure 4.5 as well. The
j-V characteristics of the devices without ETL are dominated by a large, so-called
photoshunt (R ppotoshunt) [7] and are further injection limited, which results in a
nominal very high serial resistance of 23.6 Qcm? (calculated from the slope around
1.25 V). Both loss mechanisms originate at the far from optimized ITO\PCBM
interface. The photoshunt can be identified by the difference in the slope of the
illuminated versus the dark j-V curve at negative applied voltages. It originates
from the several orders of magnitude higher charge carrier density of the active
layer under illumination. The same mechanism is responsible for photoconductiv-
ity as well seen under forward bias as an increased injection current density. In case
of the poorly charge selective ITO\PCBM interface, holes are more easily injected
into the active layer at the nominal cathode. Therefore the shunt resistance scales
with the conductivity of the active layer. Together with the ITO\PCBM contact
resistance, this results in decreased key solar cell parameters: Open circuit voltage
(Voc, 426 mV), short circuit current density (jsc, -6,86 mA/cm?), fill factor (FF,
29.2 %) and consequently poor power conversion efficiency (PCE) of only 0.85 %.

Thin layers (~30 nm) of ZnO and HT AZO provide a much better electron se-
lective interface and ohmic cathode contact. Losses at the cathode interface are
minimized, because the electrons are extracted to ZnO or HT AZO, both at a

higher work function than bare I'TO. This results in increased FF, Vo and jso



Chapter 4. Electron Transport Layers: ZnO and AZO 41

—=—-0-- wio EIL
—h—f-- 2o Z00 (32 nm)
—&—}--- HT AZO {25 nm)

Current density (mAlcm?)

I 1 1 n 1 n n
0.2 0.0 02 0.4 0.6 08
Voltage (V)

FIGURE 4.5: j-V characteristics of solar cells without ETL, thin ZnO and HT
AZO films. Adapted with permission from [17]. Copyright 2011, Elsevier.
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FIGURE 4.6: j-V characteristics of solar cells with thick ZnO and HT AZO
films. The inset shows the injection behavior for high forward bias. Adapted
with permission from [17]. Copyright 2011, Elsevier.

and a significantly higher PCE of around 2.5 % for both EILs. The series resistance

of both device configurations is around 1.1 Qem? and well within expectations.

ETL Voc Jsc PCE FF Rs Rshunt
(mV) (mA/em?) (%) (%) (Qem?)  (kQem?)
w/o ETL 426 -6.86 0.85 29.2 23.6 3.0
Zn0O (32 nm) 565 -8.41 2.56 53.9 1.1 6.2
Zn0O (126 nm) 486 -8.40 1.54 37.7 3.2 3.1
HT AZO (25 nm) 569 -8.36 2.42  50.8 1.1 4.9
HT AZO (119 nm) 558 -8.69 240 494 1.2 3.9

TABLE 4.2: Key parameters of the investigated solar cells without ETL and
thin\thick ZnO or HT AZO ETL. Adapted with permission from [17]. Copyright

2011, Elsevier.

Increasing the layer thickness of the ZnO from around 30 to over 100 nm results
in a severely reduced device performance from 2.5 to 1.5 %. The main losses are a

reduction of the FF from 53.9 to 37.7 % and a reduction of the Voo from 565 mV
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to 486 mV. These losses originate dominantly from three different mechanisms,
which can be observed in the j-V-characteristics. First, an increase of the series
resistance from 1.1 to 3.2 Qem? (see inset of Figure 4.6) is caused by the thick ZnO
layer. The higher Rg results dominantly in a FF' loss. The V¢ loss is more subtle.
The increased series resistance due from the ZnO layer is not expected to influence
Voe unless significant carrier recombination occurs in this region. Given the good
charge selectivity of the ZnO layer, we exclude this loss mechanism. A contribution
to the FF and V¢ loss originates from the already introduced photoshunt, which
is much more strongly expressed in the case of thick ZnO layer. Photoshunts
are a result of an interface-shunt, i.e. a defect shunting the electrode and the
semiconductor. The photoshunt resistance is strongly dependent on the minority
carrier blocking properties of the interface, the so called contact permeability of the
buffer layers. This translates in our architecture to a defect, where holes become
injected directly into the active layer via the ZnO [7]. We note that the photoshunt
seems to emerge with increased ZnO layer thickness, as the shunt resistance under
illumination is reduced from 0.59 kQcm? for the thin ZnO ETL down to 0.33
kQem? for the thicker ZnO ETL (see Table 4.2). The dark shunt resistance also
decreases from 6.0 kQem? to 3.1 kQem?. This is an indication for a reduced layer
quality of the thick films. In summary, the photoshunt contributes to the losses in
Voc and FF. The third loss mechanism is associated with the photoconductivity
of the ETL, which is much more significant for the ZnO based devices as compared
to the HT AZO based devices. Illuminated ZnO is significantly more conductive,
which leads to enhanced carrier injection under forward bias. Overall, this effect
causes an increased current density under illumination (see inset of Figure 4.6).
This increased injected photocurrent does already compensate the photovoltaic
photocurrent at lower bias, and in summary, the Voo becomes reduced. This
photoconductivity effect is responsible for the biggest part of the Voo loss. Solar
cells with a thicker AZO ETL do not suffer from these defects. The series resistance
of a device with an approx. 120 nm HT AZO layer is still as low as 1.2 Qem?,
which shows, that the contribution of the HT AZO ETL is negligible. For thicker
HT AZO ETL the photoshunt is maintained at values larger than 0.45 kQem?,
so the Voo and the FF are not affected much as for the thick ZnO ETLs. All
key parameters like FF, Voc, js¢ and PCE remain constant for HT AZO layer
thicknesses between 30 and 120 nm. In summary, doped ZnO opens the possibility
to incorporate thick interface layers into the device architecture without sacrificing

efficiency.



Chapter 4. Electron Transport Layers: ZnO and AZO 43

4.2.3 Summary

In this section, the interface layer specifications are discussed as required from
a reliable, large volume printing process for polymer solar cells. A thick electron
injection layer using a solution processed Al-doped ZnO with high conductivity was
suggested for this purpose. An increase of the intrinsic ZnO layer from 30 nm to 120
nm reduced the device performance from initially 2.5 % to 1.5 %. The main losses
are a reduction of the FF and V¢, which are caused by the photoconductivity of
the ZnO layer, the photoshunt behavior of the devices as well as its higher serial
resistance. Aluminum doped ZnO could be processed as thick as 120 nm without
causing losses. In the next step, the annealing temperature of the HT AZO films
has to be reduced to around 150 °C before these films can be processed on plastic
substrates as proposed in 2.4.4. This is the topic of the following section 4.3.
Nevertheless, thick pin-hole free layers with good coverage are a prerequisite for
the reliable large scale printing of organic solar cells with low shunts and high
yield. In the presented concept, thick electron transport layers were incorporated
into the devices and it is proposed that mechanically robust, thick ETLs and HTLs
will be beneficial for the processing of thin active layers. This concept appears as
an interesting strategy to optimize the lifetime and performance of single junction

as well as tandem junction solar cells.
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4.3 Precursor Engineering for Improved Pro-

cessing Conditions

Abstract

Higher conductive aluminum-doped zinc oxide (AZO), which was introduced in the
previous section 4.2 meets the desired conductivity threshold, however, at the cost of
high temperature processing. High annealing temperatures (>150 °C) significantly
improve the electrical properties of metal ozides, but prohibit processing on plastic
substrates or organic active layers. Here we report on AZO layers from a sol-
gel precursor, which already gives sufficient high conductivities at lower processing
temperatures (<150 °C). The influence of different precursor compositions on the
electrical properties of the thin films and their performance in inverted poly(3-
hexylthiophene):[6,6]-phenyl-C61 butyric acid methyl ester (PSHT:PCBM) solar
cells was investigated. Low temperature AZO layers with thicknesses up to 680 nm

maintained comparable performance to devices with thin AZO layers.

Section adapted from Ref. [16] with permission from The Royal Society of Chem-

18tTY.
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4.3.1 Characterization of AZO Layers from Different Pre-

cursor Formulations

AZO 1 (AlAc, MEA) AZO 2 (AlAc, filtered) AZO 3 (AINi, filtered)
Zinc acetate + Aluminum Zinc acetate + Aluminum Zinc acetate + Aluminum
acetate + MEA + EtOH acetate + EtOH nitrate + EtOH
Reaction at 80 °C for Reaction at 80 °C for Reaction at 80 °C for
150 min 150 min 150 min
Transparent solution Transparent solution after Transparent solution after

filtering with 0.45 pm filter  filtering with 0.45 pm filter

FIGURE 4.7: Schemes of the synthesis routes for the three investigated AZO
precursor formulations. Reproduced from Ref. [16] with permission from The
Royal Society of Chemistry.

Three different precursor formulations based on zincacetate were synthesized to de-
termine the relation between composition and film properties (Figure 4.7). Either
aluminumacetate (AlAc) or aluminumnitrate (AINi) was used as dopand. Apart
from that, the precursor formulations were stabilized with ethanolamine (MEA)
or filtered after reaction. The three investigated formulations were (i) AZO 1
(AlAc dopand, MEA stabilized), (ii) AZO 2 (AlAc dopand, no stabilization, fil-
tered) and (iii) AZO 3 (AINi dopand, no stabilization, filtered). The synthesis
routes are described in Appendix C. The synthesis route for AZO 1 is the same as
the previously presented HT AZO. The resulting conductivities of the films were
measured in the 2 point probe geometry as a function of two different annealing
temperatures: 140 °C or 260 °C (see Table 4.3). 140 °C is a suitable temperature
for plastic substrates and for the deposition onto organic films, while 260 °C is
chosen as reference (see section 4.2). As reported before, AZO 1 reaches a conduc-
tivity value in the order of 1073 S/cm after annealing at 260 °C, while annealing
at lower temperatures results in conductivities in the order of 107> S/cm. AZO 2
gives a conductivity of 107 S/cm at 140 °C, which is already close to the target
conductivity. The best conductivity at 140 °C annealing is found for AZO 3 with
7% 1073 S/em. AZO 3 at 140 °C has similar conductivity as AZO 1 at 260 °C.

Interestingly, AZO 2 and 3 show even higher conductivities above 107! S/cm
when annealed at 260 °C. A possible explanation for this improvement, when the

precursor solution is filtered instead of stabilized, is that MEA forms metal-organic



Chapter 4. Electron Transport Layers: ZnO and AZO 46

Conductivity (S/cm)
Materials 140 °C 260 °C
AZO 1 (AcAc, MEA) 8x10™° 4x107°
AZO 2 (AcAc, filtered) 3107 7x%107°
AZO 3 (AINi, filtered) 7%1073 6% 107!

TABLE 4.3: Conductivities of the investigated AZO precursors at 140 and 260
°C. AZO 1 at 260 °C = HT AZO and AZO 3 at 140 °C = LT AZO. Adapted

from Ref. [16] with permission from The Royal Society of Chemistry.

complexes with zincacetate [93, 94]. These complexes need higher temperatures
to decompose. The benefit of exchanging AlAc by AINi is most likely due to
the better solubility of AINi in ethanol. This could promote a more homogenous
distribution of Al in the precursor complex and result in a more effective doping.
To investigate the nature of the observed conductivity variations, the mobility
(urpr) of the AZO 1 and 3, annealed at either 140 °C or 260 °C, was measured in a
thin film transistor geometry. All films showed a pipp7 in the range of 0.5—5.3%1073
ecm?/V's (see Appendix D). As the conductivity (¢ = e * n % y; e = elementary
charge, n = carrier concentration, g = mobility) of the four films varies by 4
orders of magnitude, the major influence on the conductivity is assigned to an
increase in the carrier concentrations rather than in the mobility. According to the
conductivity investigations, LT AZO (AZO 3 at 140 °C) was chosen for solar cell
testing (see next subsection 4.3.2) and referenced to the previously investigated
HT AZO (AZO 1 at 260 °C) (see section 4.2). The work function of LT AZO
was measured using Kelvin probe to -4.4 eV. This is sufficiently low to properly
contact the lowest unoccupied molecular orbital (LUMO) of PCBM (at -4.3 eV)
and is further comparable to the previously reported -4.2 eV for HT AZO (see
section 4.2). The LT AZO layers have a high transmission, comparable to the
previously investigated (doped) zinc oxides (see Figure 4.8). Even very thick LT
AZO films of up to 680 nm have very high transmittance in the visible. They
only show increased absorption in the UV which is due to the optical bandgap.
The optical bandgap was calculated from a Tauc-plot to 3.3 eV, assuming a direct
bandgap (HT AZO: 3.2 eV (see section 4.2)).
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FIGURE 4.8: Optical transmission of LT AZO films with thicknesses from 40

to 680 nm excluding the glass substrate. The transmission is very high for

all thicknesses in the visible wavelengths. Reproduced from Ref. [16] with
permission from The Royal Society of Chemistry.
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FIGURE 4.9: Layer stack of investigated devices comparing HT and LT AZO
at different layer thicknesses. Reproduced from Ref. [16] with permission from
The Royal Society of Chemistry.

4.3.2 Solar Cell Experiments with Different AZO Precur-

SOrs

The layer stack of the investigated devices is displayed in Figure 4.9. The solar
cells were processed as described in Appendix B. The performance of HT and
LT AZO was compared in experiment A. The statistics of the key parameters are
summarized in Figure 4.10. The thickness of the ETLs was varied from 25 over 120
to 220 nm for HT AZO and from 40 over 120 to 240 nm for LT AZO. Thicker layers
were processed through subsequent deposition and annealing steps. The V¢ of all
devices is sufficiently high and comparable. For the jso we observe some statistical
variation without a specific trend. The FF trend is more interesting and relevant
to discuss. The FFs of the devices with the two thinnest ETLs is above 55 %,
while the devices with the thickest AZO (> 200 nm) layers is in the 50-55 %

regime. Analyzing the device with the one diode model and comparing the series
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FIGURE 4.10: Key parameters (Voc, FF, jsc, PCE, Rg, Rgpunt and
Rphotoshunt) Of the investigated devices in experiment A with AZO layers from
two different precursors® and annealing conditions as a function of ETL thick-
ness. (*HT=High temperature (260 °C) annealed AZO 1 (AlAc, MEA stabi-
lized), LT=Low temperature (140 °C) annealed AZO 3 (AINi, filtered)). Re-
produced from Ref. [16] with permission from The Royal Society of Chemistry.
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and parallel resistance reveals that the series resistance is comparably low for all
AZO layers. At a series resistance < 1 Qem?, no losses in the FF are expected
(Figure 4.10 e)). The shunt resistance is sufficiently high for all configurations
(Figure 4.10 f)). The photoshunt resistance, which is the shunt resistance of the
illuminated curve (see description in section 4.2), shows a slight trend to lower
values for higher AZO film thicknesses (Figure 4.10 g)). The efficiency of LT AZO
at 140 °C matches the performance for the HT AZO processed at 260 °C in film
conductivity and solar cells. The simulations in section 4.1 predict that with the
conductivity of LT AZO, a several hundred nanometer ETL should be possible. In
experiment B, up to 680 nm thick LT AZO ETLs were incorporated into the solar
cells to verify the prediction. The illuminated j-V characteristics of the devices
are displayed in Figure 4.11 and the key parameters are listed in Table 4.4. For
the thickest tested film, the Rg still stays low at around 1 Qem?. Therefore, the
performance of the devices is comparable in FF (~ 60 %) and Voe (= 0.56-0.58
V) for all tested thicknesses. The js¢ varies around ~ 1 mA/cm? which can be
due to the morphology of the very thick films and optical effects (see figure 4.12).
All that combined, the reduction of the PCE for thick films, even up to 680 nm,
is only 10 % compared to the 100 nm AZO film.

4
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FIGURE 4.11: Illuminated j-V characteristics of experiment B with different

thicknesses (100-680 nm) of the low temperature (140 °C) processed AZO 3

(LT AZO) EELs. Reproduced from Ref. [16] with permission from The Royal
Society of Chemistry.

4.3.3 Summary

Through a systematic variation of the AZO precursor materials, an improved
formulation for highly conductive AZO layers processed at low temperatures was

identified. The filtered precursor comprising aluminumnitrate dopand (AZO 3)
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ETL Voeo Jjsc PCE FF
LT AZO (V) (mA/em?) (%) (%)
100 nm  0.57 -7.98 2.79 614
180 nm  0.58 -7.59 2.79 634
400 nm  0.57 -8.09 2.70  38.6
470 nm  0.58 -7.94 2.68 58.1
680 nm  0.57 -7.37 2.52  60.0

TABLE 4.4: Key parameters of the devices of experiment B with different thick-

nesses (100-680 nm) of the low temperature (140 °C) processed AZO 3 (LT

AZO) EELs. Adapted from Ref. [16] with permission from The Royal Society
of Chemistry.
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FIGURE 4.12: Optical simulation of the short circuit current with varying AZO

EEL from 0-1000 nm. The simulated layer stack was Glass/ ITO(400 nm) /

AZO(0-1000 nm) / P3HT:PCBM(100 nm) / PEDOT:PSS(40 nm) / Ag(100

nm). Reproduced from Ref. [16] with permission from The Royal Society of
Chemistry.

shows the best electrical properties (0 = 71072 S/cm) at 140 °C. The conductivity
of these layers matches the films of the previously investigated formulation AZO
1 at 260 °C (see section 4.2) and is above the simulated threshold to overcome the
thickness restriction for interface layers (¢ = 1% 1073 S/cm) from section 4.1. As
a result, the performance of these two films as ETLs in polymer solar cells is also
comparable and well. Even when applying the LT AZO EEL in thicknesses of 680
nm, the efficiency and the series resistance of the devices are still comparable to
the ones with thin ETLs.

Comparing the properties of LT AZO with the large area production requirements
from section 2.4.4, all the desired properties are achieved except the ultra low
annealing temperatures of only 80 °C and the preferred pathway of a nanoparticle

dispersion. Nevertheless, due to their excellent properties, LT AZO layers found
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application together with silver nanowires as transparent, solution processed elec-
trode (see section 4.5) and in tandem solar cells [95], but the use directly on top

of organic layers was found to be problematic (see section 4.6).
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4.4 Surface Modification of AZO Interface Lay-

ers

Abstract

In this part of the work, the influence of aluminum-doped zinc oxide (AZO) electron
extraction layers (EEL) modified with self-assembled monolayers (SAMs) on the j-
V' characteristics of inverted polymer solar cells based on a poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl-C61 butyric acid methyl ester (PCBM) active layer was
studied. It is found that phosphonic acid anchored SAMs can decorate the surface
of AZO nanoparticles and modify its electrical properties. This leads to an increase
in the parallel resistance, but also in the series resistance of the corresponding
photovoltaic devices. It is further shown that an increase in series resistance can
be avoided by employing a SAM forming molecule with a buckminster fullerene
(C60). Charge transfer from C60 to AZO is efficient and leads to a reduction of
the series resistance, while maintaining the high parallel resistance. This results
i an increased fill factor and short circuit current density of the solar cells and a

relative efficiency enhancement from 2.9 to 3.3 %.

Section adapted with permission from Ref. [18]. Copyright 2012, Wiley VCH.
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4.4.1 AZO Surface Modified Through Self-Assembled

Monolayers

PEDOT:PSS

P3HT:PCBM

R
ﬁgig!._gf G ?.’g SAM

R AZONPs (D000

Contact angles

Substrate w/fo SAM[CE) SAM(C6-CE0) SAM(C18-C60)
AZO 508 1206 772 75,7
AlOy - 98.2 79.0 85.8

FIGURE 4.13: Layer stack of the investigated solar cells, SAM molecules a)
C6 alkane spacer (SAM(C6)), b) C6 alkane spacer with fullerene (SAM(C6-
C60)), and c¢) C18 alkane spacer with fullerene (SAM(C18-C60)) and contact
angles of water on reference AZO and AlOx substrates with and without SAMs.
Reproduced with permission from Ref. [18]. Copyright 2012, Wiley VCH.

One of the weak points of metal oxide based EELs frequently discussed are their
reliability and reproducibility when processed at low temperature (i.e. below 140
°C) [96]. Low processing temperatures may yield incomplete ligand removal, and
thus result in bad control of the electronic surface properties. Decoration of metal
oxides with self-assembled monolayers (SAMs) is one way to achieve defined surface
properties. Potential SAM anchoring groups to metal oxides are amines, mercap-
tanes, catechol, carboxylic or phosphonic acids (PAs) [52, 54, 74, 97]. Among
these, the bidentate phosphonic acid group forms a strong bond [97].

4.4.2 Organic Solar Cells with SAM-Modified AZO ETLs

In this section, PA anchored aliphatic and fullerene functionalized SAMs are ex-
plored as termination groups for doped metal oxide films. It is demonstrated
that the functionality of the SAM molecule determines the electronic properties
of the ETL and allows the controlling of series resistance as well as shunt resis-
tance in organic solar cells. The polymer solar cells investigated in this section
were fabricated according to the layer stack shown in Figure 4.13. The detailed
description of the synthesis route for AZO can be found in Appendix C and the
solar cell fabrication in Appendix B. The j-V characteristics of typical solar cells
with AZO, AZO-SAM(C6), AZO-SAM(C6-C60) and AZO-SAM(C18-C60) are de-

picted in Figure 4.14. The solar cell data for all configurations is summarized in
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Table 4.5 and the statistics on the key parameters are provided in the Figure 4.15.
Hau et al. investigated phosphonic acid terminated SAMs and highlighted the
possibility of etching damages of the TCO due to the phosphonic acid groups [74].
According to these findings, we chose a suitable ratio between the concentration of
the SAM solution and the reaction time in the solution for proper deposition. The
integrity of the AZO film after immersion in the SAM solution was confirmed with
AFM images (see Figure 4.16), and the proper deposition of the SAM on AZO
was monitored via contact angle measurements on reference AZO and AlOx layers
(Figure 4.13). Densely packed SAMs of hydrophobic n-alkane phosphonic acids
were found to show large contact angles (> 95 °), while C60 terminated SAMs
resulted in layers with smaller contact angles [98, 99]. The morphology and cover-
age of the SAMs on reference AZO layers was confirmed by c-AFM measurements
(Figure 4.16). Proper termination of the AZO surface results in a reduction of the

current (integral over all pixels) by one order in magnitude for both investigated
SAMs.
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FIGURE 4.14: a) jV characteristics of best solar cells on the typical substrates
(see Table 4.5). b) corresponding logarithmic plot of dark jV characteristics.
Reproduced with permission from Ref. [18]. Copyright 2012, Wiley VCH.

The reference cells with only the AZO ETL have an open circuit voltage (Voc) of
602 mV, a short circuit current density (jsc) of -9.23 mA/cm?, a fill factor (FF)
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of 51.9 % and a power conversion efficiency (PCE) of 2.88 %. The series resistance
(Rs) is 1.2 Qem? and the parallel resistance (Rp) is 655 Qcm?. Deposition of the
SAM with the alkane spacer unit (SAM(C6)) deteriorates the device performance.
The Voc drops to 354 mV, the jso to -3.94 mA/em?, and the FF is reduced to
25.3 %. Consequently, the PCE drops down to 0.38 %. The j-V characteristics
show an s-shape commonly referred to as second diode behavior. The occurrence
of an s-shape was discussed in terms of surface recombination [100], work function
mismatch and interface barrier [10, 32|, or low transport properties [32]. Here, we
ascribe the s-shape to the insulating layer formed by the short alkane chains, which
is probably best understood as interface barrier with low transport properties. As
a result, the non-conductive alkane chains hinder the charge transfer from PCBM
to AZO, and the Rg of the devices is increased to 9.5 Qem?. The Rp is increased
to 1011 Qcm?, which is due to the decoration of the AZO nanoparticles by an

insulating nanolayer, resulting in a suppression of the leakage current density.

ETL Voc Jsc PCE FF Rs Rshunt
(mV) (mA/em?) (%) (%) (Qem?)  (kQem?)
AZO 602 -9.23 2.88 51.9 1.2 655
(Best) (620)  (-9.00)  (2.98) (53.6) (12)  (692)
AZO-SAM(C6) 354 -3.94 0.38 25.3 9.5 1011
(Best) (308)  (-5.48)  (0.63) (28.7) (9.9)  (1141)
AZO-SAM(C6-C60) 583 -9.92 3.32 57.4 0.6 1473
(Best) (578)  (-1046) (3.32) (57.4) (0.6)  (919)
AZO-SAM(C18-C60) 584 -9.24 2.88 23.5 0.9 1353
(Best) (577)  (-9.90)  (3.25) (56.8) (0.6)  (887)

TABLE 4.5: Key parameter set of the solar cells: average of at least 5 cells on a
typical substrate. Best corresponds to the best cell on the substrate. Adapted
with permission from Ref. [18]. Copyright 2012, Wiley VCH.

The solar cells with an AZO-SAM(C6-C60) cathode show a drastically improved
performance as compared to alkane based SAMs. On the average, the C6-C60
terminated AZO does indeed perform slightly better than the pristine AZO refer-
ence. The performance data of the C6-C60 terminated AZO yield a Voo of 583
mV, a jsc of -9.92 mA/em?, a FF of 57.4 %, and a PCE of 3.32 %. The improve-
ment is mainly due to an increased FF and a slightly higher jsc. The parallel
resistance increases up to 1473 cm, obviously due to the same mechanism as for
the SAM(C6). In addition to that, the fullerene at the end of the alkane chain
does successfully mediate charge transfer from the active layer into the AZO. The
good series resistance together with the increased parallel resistance explains the

better FF compared to the reference device. Hau et al. ascribed the jso increase
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FIGURE 4.15: Boxplots of the key parameter sets of the investigated solar cells
underlining the statistical relevance of the performance differences. Reproduced
with permission from Ref. [18]. Copyright 2012, Wiley VCH.

to an improved morphology of the active layer, induced by the surface energy
modification at the interface [97]. A better stratification of the fullerene - polymer
microstructure is known to suppress recombination at the ETL /active layer inter-
face. Finally, we verified that the length of the alkane chain in the SAM forming
Fullerene molecules only slightly influences the charge transport processes. The
performance of best devices incorporating SAMs with a long alkane spacer chain
(SAM(C18-C60)) is almost comparable to the cells with a short spacer chain (see
Figure 4.14). In particular the injected current density is equal for both fullerene
containing SAMs, which proves that the increased spacer chain length from 6 to
18 units is not hindering the charge transfer between AZO and the organic semi-

conductor bulk. One explanation for this observation is that the Fullerene SAMs
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FIGURE 4.16: c-AFM measurements on bare AZO, AZO covered by the
SAM(C6) and SAM(C6-C60). (Integrated Current resembles the addition of

the currents for all pixels.). Reproduced with permission from Ref. [18]. Copy-
right 2012, Wiley VCH.

assemble in a densely packed but disordered manner with random distribution
of C60 moieties within the layer thickness. A SAM(C18-C60) on flat AlOx was
found to be only 2.5 nm thick, while the fully stretched molecule is 3.5 nm long
[98]. The same effect was observed on spherical objects with C18-C60 SAMs on
ZnO nanorods [101]. Assuming a similar assembly behavior of the SAMs on AZO,
the alkane chains are compressed or tilted in a way that the fullerene moiety can
have direct contact with the AZO, which is certainly favored be the mismatch be-
tween the fullerene and the alkane chain/anchoring group. The AFM and ¢-AFM
measurements in Figure 4.16 strongly support this hypothesis and suggest that
such mismatch may preferentially occur at more irregular or rough layer regions,
as expected for instance at the intersection of larger AZO regimes. For the C60
terminated SAM layers, higher current densities are observed specifically at those
regimes where the height profile varies. As this behavior applies for both Fullerene

SAMs, it could explain the similar performance of the solar cells.

4.4.3 Summary

The functionality of SAM modified AZO interfaces on the performance of P3HT

/ PCBM solar cells was investigated in detail. The successful and rather complete
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decoration of the AZO surface with phosphonic acid anchored SAMs was proven
and results in a modification of the electronic properties of the AZO. SAM dec-
orated AZO electrodes resulted in an increased parallel resistance. SAM layers
without a covalently linked fullerene form an insulating barrier, which increases
series resistance and deteriorates the device performance significantly. By em-
ploying the Fullerene-SAM, the charge transfer from PCBM to AZO is improved,
and the series resistance is reduced while the shunt resistance remains high. As a
result, the average solar cell efficiency could be improved by approx. 15 % from
2.9 to 3.3 %.
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4.5 AZO interface layers with solution pro-

cessed, transparent silver nanowire electrode

Abstract

In this section, a replacement for the commonly used indium-tin-ozide (ITO) elec-
trode material by a low temperature solution processed silver nanowire/(doped)
metal oxide composite is presented. Devices employing silver nanowires (AgNWs)/
buffer layer electrodes with a photoactive layer of poly(3-hexylthiophene) (PSHT)
and [6,6]-phenyl-C61 butyric acid methyl ester (PCBM) are showing a comparable
performance to the ITO reference cell with fill factors (FF) of over 62 % and a
power conversion efficiency of = 2.7 %. Zinc oxide (ZnO) and highly conductive
Al doped ZnO (AZO) were used as buffer layer. AgNW devices without a buffer
layer have a high open circuit voltage (Voc) but the FF and the short circuit cur-
rent density (jsc) are substantially lower. Overall it is demonstrated that AgNWs
and the low temperature solution process of the buffer layer are an attractive device

concept towards an indium free organic solar cell.

Section adapted with permission from Ref. [19]. Copyright 2012, Elsevier.
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4.5.1 Solution Processed, Transparent Cathodes

Solution processed electrodes are required for large scale printed organic photo-
voltaics (OPV) and generally organic electronics [102]. The key requirements
are high transparency and conductivity at the same time, but various further
properties like stability and low temperature deposition also need to be fulfilled.
Graphene sheets [102-105], carbon nanotubes [102, 106-108], transparent conduc-
tive oxide nanoparticles and -rods [102, 109], conducting polymers [102, 110-112]
and printed metal grids [102, 113] were already proposed as possible alternatives.
Due to the low sheet resistance, high transmittance and solution processing, sil-
ver nanowires (AgNWs) are considered as highly promising candidates to replace
brittle and expensive sputtered indium-tin-oxide (ITO) [114-119]. The AgNW
percolation type electrode needs to be filled with a buffer layer to smooth out
the roughness, to adjust the work function and provide charge selectivity. N-type
metal oxides like (doped) ZnO and TiOy are a suitable and stable material group
that can fulfill these requirements. The application of TiOx and intrinsic ZnO as
buffer layers for AgNWs are already reported [114, 118]. Leem et al. successfully
applied TiOx as buffer layer for an electrode using NWs from Cambrios Tech-
nologies Corporation with comparable properties to those NWs used in this study
[118]. The typical size of the NWs was a few tens of nanometers in diameter
and a few tens of micrometers in length. One further report used intrinsic zinc
oxide to fill a network comprising rather thick (=~ 80 nm) and short (=~ 6 pm)
AgNWs [114]. Because of the high roughness of this electrode, a very thick active
layer (400 nm) was needed to reduce shunts. This is not applicable to most new
high performance polymers, as most of them require active layer thicknesses in the
range of 70 to 130 nm [120-122]. Consequently, a just 100 nm thick PSHT:PCBM
active layer is chosen for the devices in this section. Low temperature, solution
processed AgNW /(doped) metal oxide electrodes with excellent functionality are
presented. Additionaly, doped and intrinsic zinc oxide buffer layers are compared
for this percolation type electrode. In contrast to planar ITO electrodes, the per-
formance of intrinsic and doped zinc oxide is found to be quite comparable when

combined with nanowire electrodes.
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4.5.2 Organic Solar Cells with AgN'W /(Doped) Metal Ox-
ide Cathodes
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FIGURE 4.17: a) + b) display the surface topography of the AgNW films (RMS:

11-15 nm) and ¢) + d) show the surface of the AgNWs covered by the AZO

layer (RMS 4 nm). Reproduced with permission from Ref. [19]. Copyright
2012, Elsevier.

Figure 4.17 shows the AFM images of the AgNWs and AgNWs covered by the
AZO layer. The metal oxide nanoparticles enclose the nanowires. Thereby the
AZ0O film smooths the roughness of the AgNW electrode from RMS of over 10 nm
to around 4 nm and generates a rolling-hill morphology without the sharp edges

and ridges observed for the pure AgNW film.

The j-V characteristics of the investigated devices are shown in Figure 4.18. In-
terestingly in contrast to the previous report of Leem et al. [118], we find that the
reference device with only AgNWs performed already quite well. The V¢ is al-
ready comparable to the cells with buffer layer. This is explained by the quite low
work function (WF) of 4.4 eV measured by a Kelvin Probe setup (KP Technology
LTD, SKP5050). The low WF matches the lowest unoccupied molecular orbital
(LUMO) of PCBM well. But as the bare AgNW electrode lacked selectivity and
was quite rough, the FF of the device is low at 46.4 %, the jsc 6.52 mA/cm?
and the PCE 1.65 %. When a ZnO or an AZO buffer layer is used the FF‘s are



Chapter 4. Electron Transport Layers: ZnO and AZO 62

—
(=)

--m-—.— ,ﬂ\gNWI
[ -k —a— ITO-AZO i
L -4 4—+— ANW-AZO 5
[ -=#-—»— TO-ZNO §
< AGNW-ZnO E

PR S TR
e S e

Current density (mA/icm?)

o & b N o N koo oo
T T

e

N
_IOO
=

1 1 1 1
-0.2 0.0 0.2 0.4 0.6 0.8
Voltage (V)

FIGURE 4.18: j-V characteristics of the investigated devices with different
cathode configurations (Cathode-P3HT:PCBM-PEDOT:PSS-Ag). Reproduced
with permission from Ref. [19]. Copyright 2012, Elsevier.
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FIGURE 4.19: Transmission of the investigated electrodes (including forward

scattering and the glass substrate) as well as the comparison of the EQEs of an

ITO-AZO and an AgNW-AZO based device. Reproduced with permission from
Ref. [19]. Copyright 2012, Elsevier.

largely increased to 60.2 and 62.3 %. The jsc's are also enhanced to -7.34 and
-7.86 mA/em? leading to PCEs of 2.46 % and 2.68 %. These results are quite
comparable to the reference devices on ITO substrates. There are only slightly
better values for the FF (=2 % (absolute)), Voc (~20-45 mV) and jgo (~0.4-0.7
mA/cm?) of the ITO based devices leading to 0.4 to 0.5 % (absolute) higher PCE.
Efficient inverted solar cells based on AgNWs are achieved using ZnO and AZO
layers. The electrical and optical properties of the metal oxide layers are presented
in sections 4.2 for ZnO and 4.3 for LT AZO. Both buffer layer materials achieve
comparable and well performing devices. This is attributed to the better charge
selectivity and the improved morphology of the electrodes as observed in the AFM
pictures. Only quite thin metal oxide layers encapsulate the NWs while the rest
of the material filled the network of the electrode. The advantage of AZO over
ZnO in the thick film limit on planar ITO electrodes (see sections 4.2 and 4.3)
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does not play an important role for this percolation type electrode. Interestingly
the AgNW devices need a "burn-in” procedure to show maximum performance.
Via applying light reverse bias of e.g. -2 V, shunts that might originate from Ag-
NWs with contact to the top electrode are burned. This burn-in process increases
the selectivity (hole blocking) of the electrode. This is more pronounced for the
devices without buffer layer than with a metal oxide. A light soaking effect is
not existing or so weak that it is not observed in the first measurement for these
devices under AM1.5G. The jsC of the AgNW based devices is observed to be
slightly lower than the jso of the ITO reference devices. To investigate the origin
of the difference, the transmission of the electrodes is measured (Figure 4.19). The
AgNW electrodes show an approx. 10 % (absolute) lower transmission over the
wavelengths above 470 nm than the ITO electrodes. Below 470 nm the gap in the
transmission is further increased due to the plasmonic absorption of the AgNWs
[117, 123]. This trend is not observed in the EQE measurements as also depicted
in Figure 4.19. The EQE‘s of the ITO-AZO or AgNW-AZO based devices are
comparable for all wavelengths above 470 nm. Only below 470 nm, when the plas-
monic absorption of the AgNWs sets in, the EQE of the AgNW cell is significantly
reduced compared to the ITO cell. Overall, the EQE measurements show that the
jsc is 5-7 % lower for the AgNW than for ITO cell (with AZO buffer layer) which
is in good agreement with the j-V measurements. This minute difference of the
transmission and EQE measurements might be explained by the longer pathway
and therefore better absorption of forward scattered light at the AgNW electrode.
Other influences might only occur when the light distribution of the whole stack
is taken into account. For example backward scattering at the AgNWs of the
reflected light from the silver back electrode and improved coupling of the light
into the active layer through Ag plasmons as well as other thin film interference

effects might be responsible for this observation.

4.5.3 Summary

Efficient inverted solar cells are demonstrated using low temperature, solution
processed AgNWs as cathode. Even devices with only 100 nm thick active layer
and without n-type buffer layer are functional and already showed high Ve.
Application of a ZnO or AZO buffer layer increases dominantly the FF up to over
62 % as well as the jgo of the solar cells. AgNW based devices show comparable

performance to the ITO references, although slightly lower values for FF, Voo and
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jsc are observed. AZO devices are found to perform negligibly better than the
ZnO devices, which is different to the findings for planar ITO electrodes.
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4.6 AZO Nanoparticle Layers

Abstract

An AZO nanoparticle (NP) dispersion is introduced in inverted and normal archi-
tecture solar cells. In inverted devices, a comparable performance to the precursor
formulations of the previous sections 4.2 and 4.3 could be demonstrated. In nor-
mal architecture devices, the AZO NP formulation can perform comparable to the
reference Ca cathode while the cells with LT AZO precursor ETL didn‘t show any
functionality. The replacement of the low work function metal as cathode for nor-
mal architecture solar cells demonstrates a pathway to increase the lifetime of such

devices.
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4.6.1 Electrical Properties of AZO NP Layers

The previous sections focused on AZO layers from precursor solutions that already
fulfilled most of the large area production requirements discussed in section 2.4.4
except the processability at 80 °C and directly on top of organic active materials
in normal architecture solar cells wasn‘t demonstrated. A nanoparticle dispersion
is the preferred option for these properties. As nanoparticle dispersions already
can contain the “final” material and the additional components of the dispersion
like the system of solvents and ligands can be chosen according to the application.
The investigated AZO nanoparticle (NP) dispersion was obtained from Nanograde.
The AZO particles (2% Al concentration in the precursor) were synthesized via
flame spray pyrolysis [124]. Afterwards the particles were dispersed in ethanol
using a silane as ligand. The electrical characterization of the AZO NP layers that
were annealed at only 80 °C for 5 min revealed comparable values to previously
investigated LT or HT AZO layers that were treated with considerable higher
annealing temperatures of 140 °C, respectively 260 °C (see sections 4.2 and 4.3).
The conductivity of the AZO NP‘s is measured to 2 x 1072 S/cm which is even
slightly higher than LT AZO and HT AZO ( 1073 S/cm). The work function of
the AZO NP layer was measured to be -4.5 ¢V using Kelvin probe (HT AZO: -4.2
eV, LT AZO: -4.4 eV).

4.6.2 AZO NP Layers in inverted and normal architecture

solar cells

Ad
PEDOTPSS
P3HT.PCBM

| 4
AZO NP |
ITO , jfi

Glass |

FIGURE 4.20: Layer stack of investigated inverted devices with AZO NP inter-
face layer at 80 °C.

The inverted polymer solar cells were fabricated according to the layer stack shown
in Figure 4.20 following the recipe described in Appendix B. The j-V characteristics
of typical inverted solar cells with AZO NP ETL are depicted in Figure 4.21. The
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FIGURE 4.21: j-V characteristics of inverted devices showing comparable per-
formance for thin (30 nm) and thick (250 nm) AZO NP ETLs.

0.6

data confirms proper functionality of the AZO NP ETLs in thin (30 nm) and also
thick (250 nm) films (see Table 4.6). Moreover, the performance of around 2.4-2.5

% PCE is comparable to the previously investigated precursors.

ETL Voc jsc PCE FF
(mV)  (mAfem?) (%) (%)

Inverted devices

AZO NP (30 nm) 529 -7.15 2.39 63.1

AZO NP (250 nm) 539 -7.20 2.46 63.4

Normal devices

Ca 604 -11.19 423 62.9

LT AZO 113 -0.07 0.00 24.0

AZO NP 602 -11.59 4.16 59.6

TABLE 4.6: Key parameter set of the best solar cells for each configuration.

Inverted devices based on a PSHT:PCBM active layer and measured with solar

simulator illumination. The normal devices are based on Si-PCPDTBT:PCBM
and illuminated with LED's.

Stable polymer solar cells are currently processed in the inverted architecture as

the used materials and material combinations are more stable in the inverted

layer stack. Most importantly, this architecture avoids the use of unstable, low

workfunction metals like Ca, Ba or Al. The most common layer stack for a normal
architecture solar cell is ITO \PEDOT:PSS \Active Layer \Al or Ca \Ag. In a
further experiment, the application of the previously investigated ETL‘s, namely
LT AZO and AZO NP, for a stable top electrode with Ag for solar cells in normal

architecture was tested. As the aim is to find a versatile solution for a large number

of active layer materials, the annealing temperature for the ETL is chosen to only

80 °C. This ensures minimal impact on the morphology of the active layer and the

integrity of organic materials.
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FIGURE 4.23: j-V characteristics of normal architecture devices comparing LT
AZO and AZO NP ETL‘s with Ca. Solar cells with LT AZO don‘t work at all
while cells with AZO NP layer show good performance.

The layer stacks of the investigated normal devices are depicted in figure 4.22
following the recipe described in Appendix E. The j-V characteristics of typical
cells with different ETL‘s are shown in Figure 4.23 and the key parameters are
listed in Table 4.6. Solar cells with Ca and AZO NP ETL showed comparable
performance. Therefore AZO NP‘s can replace the very unstable Ca ETL and
show a pathway to a longer lifetime of normal architecture cells. Devices with LT
AZO didn‘t show any functionality. The advantage of AZO NP‘s is that there
is no need for high temperatures for the conversion to the final material on the
substrate. LT AZO might not work due to the too low annealing temperature for
the conversion of the precursor and\or a harmful interaction of the precursor with

the active layer [88].

4.6.3 Summary

AZO NP‘s synthesized using flame spray pyrolysis were introduced in inverted

devices with up to 250 nm thickness. The performance of the devices and the
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electrical parameters are comparable to the AZO precursors from the previous
chapters. The benefit of this interface layer is the low annealing temperature of
only 80 °C and the possibility to use this material as replacement to unstable low
workfunction metals in devices with normal architecture. This demonstrates a

pathway to normal architecture solar cells with longer lifetime.
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5.1 Molybdenum Oxide

Abstract

In this section, solution processed molybdenum oxide (MoOx ) layers are incorpo-
rated as hole transport layer (HTL) in polymer solar cells (PSCs) and demon-
strate the replacement of the commonly employed poly(3,4-ethylene dioxythio-
phene):(polystyrene sulfonic acid) (PEDOT:PSS). MoOx is known to have ex-
cellent electronic properties and to yield more stable devices compared to PFE-
DOT:PSS. In the view of large scale production of organic photovoltaics, the major
limitations of MoOx so far were the narrow film thickness of a few nanometers
to control the serial resistance and the usually employed vacuum process for de-
position. Here, fully functional solar cells are presented with up to 65 nm thick
MoOx HTL deposited from a nanoparticle suspension at low temperatures. The
PSCs with an active layer comprising a blend of poly(3-hexylthiophene) (P3HT)
and [6,6]-phenyl-Cg; butyric acid methyl ester (PCBM) and a MoOx HTL show
comparable performance to reference devices with a PEDOT:PSS HTL. The best
cells with MoOx reach a fill factor (FF) of 66.7 % and power conversion efficiency
(PCE) of 2.92 %. Moreover, MoOx containing solar cells exhibit an excellent

shunt behavior with a parallel resistance of above 100 kQcm?.

Section adapted with permission from Ref. [20]. Copyright 2011, AIP Publishing
LLC.
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5.1.1 Solution Processed MoO x for Organic Solar Cells

The working horse material employed as solution processed hole transport layer
(HTL) for organic photovoltaics is poly(3,4-ethylene dioxythiophene):(polystyrene
sulfonic acid) (PEDOT:PSS). Unfortunately, PEDOT:PSS is identified as a major
source of degradation due to its acidic and hygroscopic nature [42, 43, 125-128].
In the standard architecture of a polymer solar cell as depicted in the inset of
Figure 5.1, PEDOT:PSS is deposited on the indium-tin-oxide (ITO) electrode.
In the presence of humidity, the acidic PEDOT:PSS can etch the ITO electrode,
which leads to fast degradation [43, 128]. A frequently employed strategy to solve
this issue is to invert the layer sequence. Inverted architectures find PEDOT:PSS
sandwiched between the organic semiconductor and a more stable back electrode
like e.g. Ag, Au [7, 46]. The polymer-fullerene bulk heterojunction surfaces of-
ten have a very low surface energy, which makes it very difficult to coat water-
based solutions like conventional PEDOT:PSS formulations on top. For example,
a P3HT:PCBM active layer (ratio 1:1) has a surface energy of only ~25 mN/m
(measured using the contact angle measurement setup OCA30 from dataphysics).
Furthermore, being committed to the inverse layer sequence in order to achieve
stable devices has the disadvantage that the vertical phase separation of the bulk
heterojunction is unfavorable to the inverted architecture for many organic pho-
tovoltaic materials [56, 129]. A big advantage is the possibility to choose the most
suitable architecture for each bulk heterojunction material. Ultimately, employing
the normal layer sequence and just replacing PEDOT:PSS through a more stable
alternative is a promising approach to solve this stability issue. Materials, which
can provide a more stable hole selective contact, are transition metal oxides like
MoOy [20, 56, 60, 63-65], WOx [61, 71, 72, 130], VOx [60, 88] and NiOy [67, 69].
Among these, MoOx is one of the most interesting materials, because of its non-
toxic nature and the very deep lying electronic states [63, 90]. Various groups
have shown that comparable device performance can be achieved with evaporated
MoOx as PEDOT:PSS replacement [42, 64]. Additionally, an increased lifetime
has been reported for evaporated MoOyx (eMoOx) [42, 56]. Therefore, MoOx is
a promising, more stable alternative material as hole extraction layer replacing
PEDOT:PSS in organic solar cells. From the perspective of large scale produc-
tion, the frequently employed vacuum process for deposition and the limited layer

thickness are two major disadvantages of MoOx [42]. Recently, solution processed
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molybdenum oxide layers from precursor solution [64] as well as from a commer-
cially available nanoparticle dispersion [63] were reported. Especially the layers
deposited from nanoparticle dispersion appear attractive, since it has been re-
ported, that they offer electronic properties comparable to eMoO x, while at the
same time having the advantage of low temperature solution processing (max. 100
°C) and the possibility to deposit comparatively thick layers [63]. The conduc-
tion band of this solution processed MoO x measured in air is found to be 4.9 eV
(eMoOx: 5.5 eV), the valence band 8.3 eV (eMoOx: 8.6 ¢V) and the fermi energy
5.4 eV (eMoOyx: 5.7 €V) [63]. In the next section, the incorporation of molybde-
num oxide layers processed from this nanoparticle suspension is presented as HTL

in PSCs.
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FIGURE 5.1: Transmission of solution processed MoO x versus the PEDOT:PSS
reference. The inset shows the layer stack of the investigated solar cells. Repro-
duced with permission from Ref. [20]. Copyright 2011, AIP Publishing LLC.

5.1.2 Replacing PEDOT:PSS with Solution Processed
MOOX

The solution processed MoO x was investigated in three different layer thicknesses
ca. 23, 47 and 65 nm. As reference, an approx. 50 nm PEDOT:PSS layer was
used. Figure 5.1 shows the transmission of the 4 layers. MoOx starts absorbing
weakly in the blue, which is only significant for the two thicker layers. For the
longer wavelengths, the transmission of all 4 layers is comparable and high (> 90
%). The j-V characteristics of the solar cells incorporating the 4 different HTLs
are shown in Figure 5.2 and the corresponding key parameters are listed in Table
5.1. The solar cells with MoOx layers show a trend as a function of film thickness.

The fill factor (FF) and the open circuit voltage (Vo¢) increase slightly with layer
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FIGURE 5.2: (a) averaged j-V characteristics of solar cells with solution pro-
cessed MoOx versus PEDOT:PSS HELs (b) corresponding logarithmic plot of
dark j-V characteristics. Reproduced with permission from Ref. [20]. Copyright
2011, AIP Publishing LLC.

HTL VOC jgc PCE FF RS RShunt Optical jSC
(mV)  (mA/em?) (%) (%) Qem?  EQem?  loss* (%)

PEDOT:PSS 563 -7.81 253 574 0.8 14 -4

sMoOx (23 nm) 547 -6.76 2.02 546 1.1 73 -3

sMoOy (47 nm) 558 -7.61 247 58.0 1.1 107 -9

sMoOx (65 nm) 579 679 242 615 3.0 36 11

Overall best

PEDOT:PSS 580 -8.96 3.16 62.2

Overall best

sMoOx (47 nm) 570 -7.67 2.92  66.7

TABLE 5.1: Averaged data of at least 5 cells from one substrate of a representa-

tive run is displayed. Overall best means best cell from 7 runs. (*Simple optical

modeling, only considering single pass absorption in the HEL without taking

thin film interference and reflection into account). Adapted with permission
from Ref. [20]. Copyright 2011, AIP Publishing LLC.
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FIGURE 5.3: AFM images of 23 nm ((a), (d)), 47 nm ((b), (e)) and 65 nm
((c), (f)) thick MoOx films on ITO. For (d) to (f) the layers are covered with
a ca. 100 nm thick active layer. Reproduced with permission from Ref. [20].

Copyright 2011, AIP Publishing LLC.
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thicknesses from 54.6 % to 58.0 % and 61.5 % for the FF and 547 mV to 558
mV and 579 mV for the Vpe. This increase is explained by a decreasing j, with
thicker MoOx layers as obtained via simulation of the j-V characteristics using
a method described by Waldauf et al. [131]. However, the main impact on the
device performance can be attributed to the short circuit current density (jsc).
The solar cell with a 47 nm thick MoOx layer shows a jso of -7.61 mA/ecm?,
while the other two configurations only show -6.76 mA/cm? (23 nm) and -6.79
mA/em? (65 nm). Three effects were identified which influence the jsc change
as a function of MoOx layer thicknesses. One contribution arises from optical
losses due to absorbed photons in the different HTLs. Table 5.1 gives an overview
on the roughly estimated absorption losses in the HTLs. One can see clearly
that the differences are too small to explain the jsc trend. Moreover, they also
do not correlate qualitatively with the measured data. Next, we analyzed the
losses from serial resistance (Rg). The Rg of the devices incorporating the two
thinner MoOx layers is more or less identical at around 1 Qem? and well within
expectations. This is a proof that the contribution of the HEL to the Rg of the
device is negligible for these thicknesses. The contribution of the MoOx layer to
the Rg becomes perceptible for the 65 nm film, and it increases to 3 Qem?. Such
high Rg can explain a small part of the js¢ reduction observed for the thick MoO x
devices. However, in general the series resistance values are far too low to explain
the jso trend. This is particularly true for the thin MoOx layers. The third and
probably most prominent influence on jgo is deduced from the Figures 5.3 a)-
f), showing the AFM images of the three MoOx layers. The layer with the mean
thickness of 23 nm (Figure 5.3 a)) shows low coverage and quite significant particle
agglomeration leading to a high pinhole density and surface roughness (Rms = 27
nm).The 47 nm film exhibits the best homogeneity among the three layers with the
lowest pinhole density and surface roughness (Rms = 15 nm). The thicker film
(~65 nm) again shows higher defect density and surface roughness (Rms = 30
nm). The AFM images of the surfaces of the poly(3-hexylthiophene):[6,6]-phenyl-
C61 butyric acid methyl ester (P3HT:PCBM) films covering the MoO x layers are
depicted in Figures 5.3 d)-f). In Figure 5.3 d) and f), it is observed that some
agglomerates even poke through the subsequently deposited active layer for the
23 nm and 65 nm thick films. Even though the 47 nm thick film that exhibits
the best morphology is not free from defects, PSBHT:PCBM film apparently evens
out the surface of MoOx quite efficiently and the Rms value of the PSHT:PCBM

surface is low with only 3 nm (see Figure 5.3 e)). With respect to this information,
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interface (direct contact of active layer and ITO electrode) and active layer shunts
are expected, which reduce the performance of the devices significantly. Counter-
intuitively, the shunt resistance (Rgpun:) of all the MoOy containing devices is
very high with values of up to 107 kQcm? (47 nm film). The Rgpun is found
to be 73 kQem? even for the 23 nm film and still 36 £Qcm? for the 65 nm film.
These values are much better than the 14 kQcm? of the PEDOT:PSS reference
device. From that we can conclude that MoOx based devices do not suffer from
shunting. Coming back to the jso losses, we suggest that the area where MoOx
pokes into or even through the active layer has a reduced photocurrent production.
This would coincide qualitatively with the trend for the measured jsc.In summary;,
we have identified three different loss mechanisms, which can potentially explain
the tendency to lesser photocurrent. Surface roughness, incomplete coverage and
optical losses may be responsible for this observation. In addition, it is important
to note that an increased active layer thickness may reverse this trend. But as
most active layer materials only work efficiently with thicknesses around 100 nm,
we decided to work with this practicable parameter [29, 132-136]. Overall, the best
devices incorporating 47 nm thick MoOx films show comparable performance to
the PEDOT:PSS reference devices (see Table 5.1). According to the experiments
until now, the jsco of the devices incorporating MoO x is found to be generally equal
or slightly lower than the current density of the PEDOT:PSS reference devices. In
our experiments, we could observe MoOyx devices with FF‘s of up to 66.7 % and
PCE‘s of 2.92 %, while the best PEDOT:PSS based device reached 62.2 and 3.16
%.

5.1.3 Summary

A solution processed MoO x layer is demonstrated as a promising stable alternative
to PEDOT:PSS. The MoOx films can be deposited from nanoparticle solution at
low temperatures and reasonable thickness of up to 65 nm without reducing the
device performance significantly. Furthermore, devices incorporating MoO x layers
show very high Rgpun: values of up to over 100 kQem?, thus clearly outperforming
the PEDOT:PSS reference. The high Rgpy.: allows for maintaining the high PCE
also at low light intensity conditions, which is very important for all indoor and
mobile applications [137]. The presented data shows that the excellent material
properties of MoOy are not only available from vacuum evaporation, but also

through a solution process and at reasonable layer thickness. Thus, MoOx is a
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highly interesting material for large scale organic photovoltaic production. Here,
thick and robust layers are a big advantage when building stable devices with high
yield and low shunts. Further investigations on a method to deposit a transition
metal oxide layer without an oxygen plasma post treatment, which is a vacuum
process, are necessary to fulfill the desired properties for large area production as
listed in section 2.4.4. The next step in this direction is presented in the following

section with WO x.
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5.2 Tungsten Oxide

Abstract

In this section, a solution processed tungsten oxide (WOx ) is incorporated as hole
extraction layer (HEL) in polymer solar cells (PSCs) with active layers comprising
either poly(3-hexylthiophene) (PSHT) or poly[(4,4‘-bis(2-ethylhexyl)dithieno/3,2-
b:2,3-dJsilole)-2,6-diyl-alt- (4, 7-bis(2-thienyl)-2,1,53-benzothiadiazole )-5,50- diyl]

(Si-PCPDTBT) mized with a fullerene derivative. The WOx layers are deposited
from an alcohol-based, surfactant-free nanoparticle solution. A short, low tem-
perature (80 °C) annealing is sufficient to result in fully functional films without
the need for an oxygen plasma treatment which was necessary for MoOx (section
5.1. This allows the application of the WOx buffer layer in normal as well as
inverted architecture solar cells. Normal architecture devices based on WOx HELs
show comparable performance to the PEDOT:PSS reference devices with slightly
better fill factors and open circuit voltages. Very high shunt resistances (>1
MQem?) and excellent diode rectification underline the charge selectivity of the
solution processed WOx layers. In inverted devices, the results of the development
of electron transporting and hole extracting metal oxides are combined. Two
solution-processed metal oxides are used at the same time. For the active layers of
these devices not only P3HT s used but also a higher performing, commercially

available polymer. All the materials used in such a device are intrinsically stable.

Section adapted with permission from Ref. [21]. Copyright 2012, Wiley VCH.
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FIGURE 5.4: (a) Transmission of solution processed WOy layers (including

forward scattering), (b) AFM image of 32 nm thick WOx film and (c) table of

WOy film thicknesses with corresponding roughness values (*THK=Thickness,

RMS=Root mean square). Reproduced with permission from Ref. [21]. Copy-
right 2012, Wiley VCH.

5.2.1 Why WOy instead of MoOyx?

All transition metal oxides under discussion can be considered equally promising
as all of them are working very comparable in terms of solar cell efficiency, when
compared in the same device stack [60]. None of these materials is so rare or
expensive that costs or supply arguments would exclude them from the list of
candidates. In terms of environmental stability, an argument in favor of WOy
and NiOx is that they are insoluble in water [138]. Furthermore, considering the
classification in the Globally Harmonized System of Classification and Labelling of
Chemicals (GHS), WOy is rated the least harmful material. WOx (GHS07) and
MoOx (GHS07 and GHS08) are only classified as harmful (Xn), NiOy (GHS07
and GHSO08) is rated toxic (T) and VOx (GHS07-GHS09) is toxic (T) and danger-
ous to environment (N) [139]. The low toxicity is an argument in favor of WOy,
but given the very small amounts required for PSC processing, this argument is
a minor one. Based on these material specific considerations it is not possible to
priorize one specific material due to its intrinsic material properties. Further deci-
sion criteria are the deposition and processing conditions as well as the reliability

of film formation. PEDOT:PSS is very strong in these aspects. Formation of thin
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and homogenous films between 20 and 200 nm with very low surface roughness
is straight forward for most PEDOT:PSS formulations. Moreover, PEDOT:PSS
is processed from water, requires only low temperature drying, is fully compati-
ble to plastic substrates, and has been reported to give equally good performance
in normal as well as inverted architecture PSCs [47]. The key requirements for
a HTL material are therefore the low temperature deposition (< 150 °C, target
value 80 °C) from solution as well as thick, smooth and robust films with high
transmittance and stability. A nanoparticle dispersion is generally favored over
a precursor route as precursors can harm the active layer, when applied on top
of the organic film [88] (see section 2.4.4). Specifically the low temperature an-
nealing without plasma postprocessing has turned out to be a challenge for many
p-type metal oxide layers [20, 63, 67, 69]. In a previous section 5.1, the need of
plasma postprocessing for HTLs coated from a MoO x dispersion from Nanograde
(Product No. 3007) is described. For this work, we used a reengineered WO x
solution (Nanograde, Product No. 4035). The transition from MoOx to WOx
was motivated by the smaller particle size of the WOx (7 nm instead of 15 nm).
Smaller particles have a higher surface energy which helped to stabilize the disper-
sion in a polar solvent system with no binders. This enables the deposition of pure
WOx films without the need to remove organic residues from the layer that inhibit
the electronic functionality of the metal oxide. Removal of the organic residues
usually requires high temperatures or (oxygen)plasma posttreatment. The switch
from a non-polar xylene based MoO x dispersion to an alcohol-based, polar solvent
system with low boiling point opens the possibility to process WO x in normal as
well as inverted architectures. Moreover, the low surface energy of the alcohol
based dispersion does guarantee proper wetting of organic as well as anorganic
surfaces. There are only very few studies reporting on solution processed WO x
HTLs for PSCs [71, 72]. Huang et al reported well performing inverted solar cells
with nanoparticular WOx as well as VOx layers processed from solution [71].
Choi et al demonstrated devices with thin ( 10 nm) WOx layers from precursor
solution almost matching the performance of PEDOT:PSS in normal architecture
devices [72]. The precursor requires no temperature treatment, but a long time for
hydrolysis (overnight) for functional films which is an obstacle for the integration
in a possible production process. In this study, normal and inverted architecture
PSCs with thin active layers (=100 nm) are investigated that are based on P3HT
and Si-PCPDTBT comprising HTLs deposited from WOy nanoparticle disper-

sions. Various posttreatments are applied to the WOy layer and the impact of
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postprocessing and HTL thickness on the device performance is studied. Fully
functional PSCs with high fill factors of > 65 % are demonstrated for WO x HTLs

with optimized film thickness without the need of plasma postprocessing.

To gain better insight into the material properties of WOy, the work function
(WF) as well as the conductivity of WOy layers was measured. The WF of a
120 nm WOx (Annealing: 80 °C/5 min) layer was measured using Kelvin Probe
(Kelvin Probe Technologies Inc., SKP5050) in air to 5.35 eV without O,-Plasma
and 5.56 eV after Oo-Plasma. These values are well within expectations as Meyer
et al. reported that the WF of WO x in vacuum is 6.4 eV directly after deposition,
but decreases largely ( 1.0 eV) after air exposure [140]. The lateral conductivity
of a WOx thin film (120 nm) is in the order of 107® S/cm. As expected, the
conductivity of the low temperature, nanoparticulate film is a bit lower than the
ones observed for bulk WOx (10-107* S/cm), depending on oxygen vacancies)
[141]. The transmission of the solution processed WOx layers was investigated
for different film thicknesses ranging from 13 to 107 nm (Figure 5.4 (a)). The
transmission is reduced with layer thickness from nearly 100 % (13 nm) to around
90 % (107 nm) in the wavelength regime between 600 and 800 nm. For shorter
wavelengths, the transmission is first reduced with increasing layer thickness (from
13 nm to 42 nm), but then starts to rise again (from 60 nm to 107 nm). Thin film
interference phenomena were reported by Li et al. for thermally evaporated WO x
layers and may be responsible for this observation [142]. Overall, the transmission
of all layers is very high and WO x is well suited for the application as window layer
in solar cells. The morphology of the layers was investigated by AFM images. As
an example, the film with 32 nm thickness is shown in Figure 5.4 (b). Figure 5.4 (c)
depicts a list of roughness values observed for the different film thicknesses. Only
the thinnest, not fully covering film has a roughness value above 10 nm (RMS
= root mean square). The other films all have comparable and low roughness

between 5 and 7 nm.

5.2.2 WOy in Organic Solar Cells in Normal Architecture

The layer stacks of the investigated devices and the energy levels of the materials
are depicted in Figure 5.5. The j-V characteristics of PSHT:PCBM based solar
cells incorporating the WOx HTLs with different post treatments are shown in

Figure 5.6 (a), and the corresponding key parameters are listed in Table 5.2.
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FIGURE 5.5: Layer stacks of the investigated devices in the (a) normal archi-

tecture and (b) inverted architecture. (c) Energy levels of the materials inves-

tigated in this work. The values for ITO, AZO, PEDOT:PSS and WO x have

been measured using the Kelvin Probe technique in air. The other values are

taken from literature. Reproduced with permission from Ref. [21]. Copyright
2012, Wiley VCH.

Three different conversion processes were investigated for 32 nm thick WO x layers.
After deposition, these layers were subject to a posttreatment by either (i) an Oq-
Plasma or by a baking step at (ii) 80 °C for 5 min or at (iii) 130 °C for 30 min.
The performance of the cells with the PEDOT:PSS reference and the different
processed WOx HTLs is very comparable at around 3 % efficiency for all three
postprocessing conditions. The open circuit voltage (Vo) and the fill factor (FF)
of the devices containing WOy (up to 585 mV Ve and 67.3 % FF) is even slightly
higher than for the PEDOT:PSS reference (564 mV and 64.7 %). The short circuit
current density of the devices (~7.7 mA/cm?) that are only baked on the hotplate
is slightly less than for the oxygen plasma treated WOy and the PEDOT:PSS
reference (8.5 mA/cm?). But this is very likely due to a statistical variation of

the experiment, when accounting all processed device configurations. This result
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(c) j-V characteristics of the best solar cells with Si-PCPDTBT:PC[70]BM ac-
tive layer comparing PEDOT:PSS and WOy as well as (d) the corresponding
dark j-V characteristics. Reproduced with permission from Ref. [21]. Copyright
2012, Wiley VCH.
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FIGURE 5.8: (a) j-V characteristics of the best PBHT:PCBM devices with in-
creasing WO x thickness and (b) corresponding injection regime. Reproduced
with permission from Ref. [21]. Copyright 2012, Wiley VCH.
HTL Voc jsc PCE FF Rs Rsnunt
(mV) (mA/cm?) (%) (%) (Qem?)  (kQem?)
P3HT:PCBM
PEDOT:PSS 564 -8.7 (-8.6%) 3.2 64.7 0.9 568
WOx, 32 nm, Oy 585 -8.5 3.2 654 1.8 16
WOy, 32 nm! 582 -7.7 29 654 1.0 127
WOy, 32 nm? 579 -7.8 (-7.8%) 3.0 67.3 0.8 89
WOy, 13 nm! 579 -8.6 3.1 62.3 0.6 12
WOy, 42 nm! 590 -8.1 3.0 63.1 0.9 23
WOy, 60 nm! o84 -8.1 2.7  56.7 1.9 1106
WOy, 78 nm! 593 -8.0 2.6 549 2.2 747
WOy, 107 nm! 483 -8.5 1.8 428 3.6 3
Inverted
P3HT:PCBM
WOy, 78 nm! 541 -8.5 2.4 513 1.1 11
Si-PCPDTBT
:PC[70|BM
PEDOT:PSS 617 -12.7% (-13.0%) 5.0 64.0 1.1 980
WOy, 32 nm! 616 -12.8*% (-12.9%) 4.8 60.4 1.4 924

TABLE 5.2: Key parameters of the best devices for each configuration. Illumi-

nation was provided by an LED cover. (O means Os-Plasma, ! 80 °C/5 min, 2

130 °C/30 min, *Current density values obtained by illumination with the solar

simulator, #Current density values derived from EQE measurement). Adapted
with permission from Ref. [21]. Copyright 2012, Wiley VCH.
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proves that a low temperature posttreatment at only 80 °C is sufficient for the
WOy buffer layer. To demonstrate the application of the WO buffer layer in
inverted devices, the curve of an inverted device with 78 nm thick WOy is also
displayed in Figure 3 (a). The cell shows a comparable Vo (541 mV) and jse
(8.5 mA/em?) to the normal architecture devices. The FF (51.3 %) is matching
the device with the same buffer layer thickness in the normal architecture and
leads to a PCE of 2.4 %. The scaling of the performance of inverted devices with
WOx layer thickness is complex and will be published elsewhere [143]. To confirm
the functionality of the WO x HELs for thin non-P3HT based active layers, solar
cells comprising the low bandgap polymer Si-PCPDTBT were fabricated. The
illuminated j-V characteristics of these devices are displayed in Figure 5.6 (c),
the EQE spectra in Figure 5.7 and the key parameters are also listed in Table
5.2. In the direct comparison, PEDOT:PSS and WOy (annealed at 80 °C/5
min) again perform very comparable at around 5 % efficiency. The jso values
calculated from the EQE data are 12.9 mA/cm? for WOx and 13.0 mA/cm? for
PEDOT:PSS. Figure 5.6 (b) and (d) display the excellent rectification of the dark
j-V characteristics of the best PEDOT:PSS and WO x based devices with the two
investigated active layers. The leakage current at -1 V reverse bias is below 2
puA/em? for both WOy and both PEDOT:PSS based cells, demonstrating the
excellent selectivity of solution processed WO x as hole extraction layer. The high
shunt resistance (Rgpunt) guarantees the high FF and Voo also under low light
intensity conditions, which is very important for all indoor and mobile applications
[137]. Despite there was no lightsoaking necessary for the devices shown in this
report, a small effect was observed for some other batches. This is currently under
investigation. Furthermore we studied the dependence of the solar cell performance
of P3HT based devices on the HTL film thickness. The WO x layer thickness was
varied between 13 and 107 nm (see Figure 5.7 and Table 5.2). Full performance
of the devices in all key parameters FF, jsc and Ve is observed up to a HEL
thickness of 42 nm. Above 42 nm, especially the FF is reduced from over 60 to
around 55 % (60 and 78 nm) and further reduced to 43.5 % in the thick film limit
(107 nm). In parallel, the series resistance (Rg) increases from around 1 to 3.5
Qcm? (measured at 1.9 V bias). For the 60 and the 78 nm films, the performance
is only around 10 % lower than for the thinner films. The efficiency of the device
based on the thickest WO x film (107 nm) drops to only 1.89 % PCE as a so called
second diode behavior is observed. Here, additional to the FF losses, the V¢ is

reduced to 514 mV. Thicker WOy films do cause a higher series resistance which
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is well within expectations considering the quite low conductivity of the material.
Simulations of the j-V curves using a 1-diode replacement circuit [7], confirm the
scaling of the cell performance as a function of the HEL thickness. The behavior is
mainly governed by the Rg and shunt resistance (Rgpun¢). Previous investigations
of MoO x layers with different film thickness showed a significant impact of the HEL
morphology found on the jso [20]. The resulting roughness and number of voids
depended strongly on the thickness of the deposited film. Increased roughness
led to a reduction of active volume and area for current generation and with that
the jsc¢. This specific trend, the reduction of the js¢ upon a HEL increase is not
observed (or only weakly expressed) for the nanoparticular WO based devices.
One reason for this might be the smaller particle size of WOy, which results
in smoother films for all layer thicknesses. This is a clear advantage over the
previously reported MoOy HTLs in section 5.1.2, where the larger nanoparticles
caused films with a larger roughness (>=15 nm). Taking all investigated devices
into account, besides the statistical variation, the jso of the WOx devices can
match the jso of the PEDOT:PSS devices.

5.2.3 WOy in Organic Solar Cells in Inverted Architecture

Ag

PEDOT.PSS/WO., &
GEN-2:PC[60]BM

ZnO . /
ITO L %
Glass | !

FI1GURE 5.9: Layer stack of devices with “pure” metal oxide interfaces.

In this section, an efficient, inverted polymer solar cell with “metal oxide-only”
interfaces is presented. Figure 5.9 depicts the used layer stack. A polymer from
Merck “GEN-2" is used for a highly efficient active layer together with PCBM.
The ETL is formed by ZnO provided by Nanograde (Product No. 5039). As
HTL, PEDOT:PSS and WO x are compared. The structure without PEDOT:PSS
contains only intrinsically stable materials with ITO and Ag as electrodes. The j-V
characteristics of the well performing inverted solar cells are depicted in Figure 5.10
and the key parameter set is listed in Table 5.3. PEDOT:PSS can be exchanged
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to the metal oxide interface without loss in performance for this polymer. While
the Voo (760 versus 746 mV) and the jsco (-13.2 versus -12.4 mA/cm?) is slightly
higher for the PEDOT:PSS device, the FF (64.6 versus 59.7 %) of the WOy cell

is better. This results in a similar efficiency close to 6 % for both configurations.
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FIGURE 5.10: j-V characteristics of the inverted GEN-2 solar cells with PE-
DOT:PSS or WOx HTL.

HTL Voc jsc PCE FF

(mV) (mAfem?®) (%) (%)
PEDOT:PSS 760 -13.2 5.99 59.7
WOx 746 -12.4 598 64.6

TABLE 5.3: Key parameter set of the best devices for each configuration.

5.2.4 Summary

To conclude, we have demonstrated the application of solution processed WOx as
hole extraction layer in PSCs. The alcohol-based WO x nanoparticle dispersion
fulfills all requirements for the application on plastic substrates and on top of or-
ganic active layers. The solution is stabilized without surfactants and an oxygen
plasma posttreatment of the HTL is not required. The WO layers are fully func-
tional when they are only baked at 80 °C for 5 min. The smooth films formed by
the small particles are successfully employed in standard architecture solar cells
with thin active layers based on P3HT and Si-PCPDTBT of 100 nm thickness.
Devices with WOy show excellent FFs, Vpes, Rspunts and PCEs matching or
even outrunning the PEDOT:PSS reference. A well performing, “PEDOT-free”,
“metal oxide-only” inverted polymer solar cell incorporating a commercially avail-

able active material is presented in this section as well. The device only contains
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materials which are considered intrinsically stable and shows a PCE of ~ 6 %. The
demonstration of such a device enables interesting lifetime studies. Even though
the materials should be intrinsically stable, there might be harmful interactions

between the materials.

+
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The world consumes several tens of terawatts (TW) of electricity. If solar energy
should have a notable share in the energy generation of the future, the fabrication
of solar modules has to be changed from nowadays batch-to-batch processes that
operate in the gigawatt regime to a reliable production that allows TW's. Large
area roll-to-roll (R2R) printing enables solar cell manufacturing to proceed to TW
production.

Organic photovoltaics (OPV) are one of the very promising technologies for print-
ing production. The 10 % hurdle has been overcome after huge progress in increas-
ing the efficiency of OPV over the past years. Now, mainly large scale production
and stability issues are in the research focus. Developing the interface layers, situ-
ated between active layer and electrodes, of organic solar cells (OSCs) is one of the
central parts to solve these challenges. The interface layers are used to maximize
efficiency, define the polarity and increase the lifetime of the devices. Apart from
their functionality, the interface layers should fulfill the requirements for a large
scale printing production. Metal oxides are a very promising option to provide
functionality at the required processing conditions.

On the n-type side, this thesis concentrates on zinc oxide (Zn0O) and doped zinc
oxide as electron transport layer (ETL). The low conductivity (typically ~107°
S/cm) of intrinsic ZnO restricts the layer thickness of such an ETL to a few tens
of nanometers. A conductivity in the order of 1072 S/cm was derived from electri-
cal simulations as sufficient to increase the interface layer thickness to over 1 um
which would provide all the desired freedom for this parameter. This conductivity
can be achieved via doping with Aluminum (Al). In this thesis, Al-doped ZnO
(AZO) is introduced as interface layer from precursor solution with comparable
performance to ZnO in thin films. AZO maintains the performance also in thick
films, while ZnO devices suffer from electrical losses.

Further work was performed to improve the deposition parameters, especially the
annealing temperature. The annealing temperature could be improved to a techno-
logically relevant regime of below 150 °C via the engineering of the AZO precursor
solution. For the precursor approach, fully functional interface layers with up to
680 nm are experimentally realized to verify the relevance of the simulated results.
Thick interface layers may improve the lifetime of the devices and this ETL fulfills
the requirements to start lifetime tests.

The surface of the ETL plays a deciding role in the contact formation to the
active layer. The surface of an AZO ETL was systematically manipulated us-

ing self-assembled monolayers (SAMs) to study its impact on device performance.



Chapter 7. Summary 93

The performance of the resulting devices varied between 13 % and 115 % of the
unmodified reference device depending on the used SAM. This demonstrates the
crucial role of the surface of metal oxide interlayers.

Furthermore, the developed ETL's were tested with a solution processed elec-
trode. Nowadays preferred transparent electrode indium-tin-oxide (ITO) is ex-
pensive and brittle. Both make it unattractive for future R2R production on
flexible substrates. Solution processed silver nanowires are a candidate to replace
ITO. Silver nanowires are solution processable at low temperatures and flexible.
The AgNW's form a network with a quite rough morphology that needs to be filled
and smoothed by an interface layer. The developed ETL's (ZnO and AZO) are
found to be fitting solutions and fully functional devices with 2.7 % efficiency and
over 60 % fill factor (FF) are demonstrated. Especially the high FF expresses the
excellent electrical functionality of the low temperature, solution processed trans-
parent electrode. This work was an essential step towards fully solution processed
and semitransparent devices that have been realized afterwards [1, 2].

Normal architecture solar cells usually employ rather unstable, low work function
metals as cathode that limits device lifetime. One approach to make more stable
devices is to use metal oxides with high workfunction metals as cathode instead.
The previously investigated precursors showed no functionality when applied on
top of active layers in the normal architecture. Therefore an AZO nanoparticle
(NP) dispersion is employed that shows comparable electrical parameters to the
previously used precursors at only 80 °C annealing temperature. The nanoparticle
dispersion enables the use of an AZO ETL even on top of previously deposited
organic active layers without affecting the morphology or harming the sensitive
materials. AZO NP are a replacement with comparable performance to unstable
Ca as cathode and can be employed together with stable Ag for normal architec-
ture solar cells.

On the hole transport side, the commonly employed organic poly(3,4-
ethylendioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) was found to be a
major source of degradation through its hygroscopic and acidic nature. Transition
metal oxides are investigated in this thesis as promising candidates with better
intrinsic stability. At first, MoOyx deposited from a nanoparticle suspension is
introduced as HTL in organic solar cells. The performance is found to match PE-
DOT:PSS with improved parallel resistance, but an oxygen plasma treatment is
necessary for functional films.

The experience gained with MoO x was applied to develop an improved approach
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with WOyx. WOy was chosen because of the possibility to get very small and
mono disperse particles that can be stabilized without organic ligands in an al-
coholic solvent system. This enables the deposition smooth films that only need
a very low temperature (80 °C) treatment without oxygen plasma for functional
films and devices. This WOy dispersion can even be used in the inverted archi-
tecture where the layer is deposited on top of the organic active layer.

Hereby “metal oxide interface only” inverted solar cell with a commercially avail-
able active material with high efficiency of around 6 % are made possible. This
layer stack contains only electrode materials that are considered as intrinsically
stable and that fulfill the previously discussed large area production requirements
to a large extent. Promising lifetime studies with devices containing metal oxides

that were developed in this thesis, can be started now.



Appendix A

Parameter Set for PC1D

Software available at (last access: October 2013):

http://www.pv.unsw.edu.au/info-about /our-school /products-services /pcld

Active layer:

Thickness: 0.16 um

Material modified from program defaults
Fixed electron mobility: 3% 1072 cm?/V's
Fixed hole mobility: 8 x 107* cm?/V's
Dielectric constant: 3

Band gap: 0.85 eV

Intrinsic conc. at 300 K: 1 % 10!2
Refractive index: 1.8

Absorption coeff. from internal model
No free carrier absorption

P-type background doping: 1 * 10* e¢m =3
No front diffusion

No rear diffusion

Bulk recombination: 7, = 7, = 5 ps

No Front-surface recombination

No Rear-surface recombination

Electron extraction layer:
Thickness: variable, 0.03-1.25 um
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Material modified from program defaults

Fixed electron mobility: 1% 1072 cm?/V's

Fixed hole mobility: 1% 1072 cm?/V's

Dielectric constant: 25

Band gap: 1.3 eV

Intrinsic conc. at 300 K: 1.1 % 10% em™3

Refractive index: 2

Absorption coeff. from internal model

No free carrier absorption

N-type background doping: variable, 6.25 x 106 - 6.25 * 10*® ¢m =3
No front diffusion

No rear diffusion

Bulk recombination: 7, = 1% 10° us, 7, = 5 ps

No Front-surface recombination

No Rear-surface recombination

Excitation:

Excitation mode: Transient, 200 timesteps

Temperature: 300 K

Base circuit: Sweep from 0 to 0.562 V, Start at t = 0

Collector circuit: Zero
Primary light source enabled
Constant intensity: 0.1 W em ™2
Spectrum AM 1.5 G
Secondary light source disabled



Appendix B

Processing of Inverted
Architecture Solar Cells

The inverted photovoltaic devices were processed and characterized in ambient
atmosphere. Structured ITO coated glass substrates (either ~12 € /square from
Osram or &5 ) /square from Weidner Glas) were subsequently cleaned in acetone
and isopropyl alcohol for 10 minutes each. After drying, the substrates were coated
with the solution for the electron transport layer. P3HT purchased from Merck and
technical grade PCBM from Solenne were separately dissolved in chlorobenzene
at a concentration of 2 wt% and stirred for at least 1 hr at 60 °C before being
blended in a volume ratio of 1:1. The blended solution was stirred for at least
another hour at 60 °C before use. The ca. 100 nm thick active layer was deposited
via doctor blading. PEDOT:PSS (Clevios PH) from H.C. Starck was diluted in
isopropyl alcohol (1:3 or 1:5 volume ratio) with Dynol 604 from AirProducts as
surfactant (0.2 or 0.13 volume percent) before deposition via doctor blading. The
whole stack was annealed at 140 °C for 10 min on a hot plate before evaporation
of a 100 nm thick Ag layer to form the top electrode. The active area of the

investigated devices was 10.4 mm?.

Variations from this recipe:

Sections 4.2 and 4.4: The PEDOT:PSS formulation with isopropyl alcohol (1:3
volume ratio) and 0.2 volume percent Dynol 604. The substrates were from Osram.
Section 4.3: The PEDOT:PSS formulation with isopropyl alcohol (1:5 volume
ratio) and 0.13 volume percent Dynol 604. The substrates were from Weidner
Glas.
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Section 4.4: The AZO formulation was annealed at 150 °C for 10 min on Osram
substrates. Afterwards the samples with SAM were immersed in the isopropyl
alcohol solution containing the SAM forming molecules with a concentration of
ca. 0.01 mmol/1 for 24 h.

Section 4.5: Osram substrates were used for reference devices. AgNW based
devices were processed on float glass slides. The AgNW film was deposited via
doctor blading and annealed at 140 °C for 15 min resulting into a low sheet
resistance of ~ 7 ) /square. The following layers were processed identically on ITO
and AgNWs. The PEDOT:PSS formulation with isopropyl alcohol (1:5 volume
ratio) and 0.13 volume percent Dynol 604. The whole stack was annealed for 5 min
before and 5 min after evaporation of the top electrode at 140 °C on a hotplate.
Section 4.6: The substrates were from Weidner Glas. The AZO NP layer was
deposited in a thickness of 30 or 250 nm from an ethanol dispersion (5 wt%)
via doctor blading. Afterwards the layers were annealed at 80 °C for 5 min.
The PEDOT:PSS formulation with isopropyl alcohol (1:5 volume ratio) and 0.13
volume percent Dynol 604.



Appendix C

Synthesis Routes for ZnO and
AZO

Synthesis of ZnO nanoparticle suspensions adapted from [144]: The ZnO nanopar-
ticles were prepared in methanol via hydroxylation of zinc acetate dihydrate
(Zn(Ac)2*2H50) by potassium hydroxide (KOH) and afterwards dissolved in ace-

tone at a concentration of 2 wt%.

Synthesis of Al doped ZnO precursors for sections 4.2 (AZO 1), 4.3 (AZO 1-3)
and 4.5 (AZO 3) (Routes partly adopted from [58, 145]: (Doping ratio: 1 at% Al)
AZO 1 (AlAc, MEA) (Film annealed at 260 °C = HT AZO): Zn(Ac)2*2H,0 (2.20
g), Al(Ac);OH (0.016 g) and Ethanolamin (MEA, 0.16 mL) were mixed in 100
mL of ethanol. The mixture was heated to 80 °C for 2.5 h. The result is a clear
solution. AZO 2 (AlAc, filtered): Zn(Ac)2*2H,0 (2.20 g) and Al(Ac),OH (0.016
g) were mixed in 100 mL of ethanol. The mixture was heated to 80 °C for 2.5 h
and afterwards filtered through a 0.45 micron filter to remove insoluble material.
AZO 3 (AINj, filtered) (Film annealed at 140 °C = LT AZO): Zn(Ac),*2H,0 (2.17
g) and AI(NO3)3*9H,0 (0.038 g) were mixed in 100 mL of ethanol. The mixture
was heated to 80 °C for 2.5 h (3 h for 4.5) and afterwards filtered through a 0.45

micron filter to remove insoluble material.

Synthesis of Al doped ZnO for section 4.4: Zn(OAc),*2H20 (20 g), AI(OH)(OAc),
(0.3 g) and Zonyl FSO-100 (0.6g) were mixed in demineralized water (200 mL).
The mixture was stirred for 2 hours and filtered through a 0.45 micron filter to

remove insoluble material.
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Appendix D

Transistor Fabrication and

Measurement Data

The substrate was a heavily p-doped silicon wafer with 100 nm thermally grown
silicon dioxide. The gate electrodes were formed by evaporating 30 nm alu-
minum through a shadow mask. Then a solution of poly(4-vinylphenol) (PVP)
and the cross-linking agent poly(melamine-co-formaldehyde) in propylene glycol
monomethyl ether acetate was spincoated at 4000 rpm for 20 s, dried for 1 min
at 100 °C and subsequently cross-linked at 200 °C for 6 min The resulting PVP
dielectric layer had a thickness of about 190 nm and a capacitance of 90 nF/cm?.
Then the different AZO layers were doctor bladed and annealed before the evap-
oration of 30 nm thick Aluminum layers as top electrodes forming channels with

a length of 40 pm and width of 600 pm.

The transistor devices were fabricated and evaluated in the Organic Materials and
Devices (OMD) group at the Institute of Polymer Materials (Friedrich-Alexander-

University Erlangen-Nuremberg).

Adapted with permission from Ref. [16] with permission from The Royal Society
of Chemistry.
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FIGURE D.1: Output characteristics of the transistor devices with different
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AZO layers. Reproduced from Ref. [16] with permission from The Royal Society
of Chemistry.



Appendix E

Processing of Normal
Architecture Solar Cells with
Varying Cathode Configurations

The photovoltaic devices were processed in ambient atmosphere. Pre-structured
ITO coated glass substrates (obtained from Weidner Glas (= 5 §/square) were
subsequently cleaned in acetone and isopropyl alcohol for 10 minutes each. After
drying, the substrates were coated with an approx. 50 nm thick PEDOT:PSS
(VP Al 4083, H.C. Starck) layer which was then annealed at 120 °C for 5 min.
An approx. 100 nm thick active layer was doctor bladed from a dichlorobenzene
solution of Si-PCPDTBT (Konarka) and PCBM ([6,6]-phenyl-Cq; butyric acid
methyl ester, Solenne) in weight ratio 1:1.5. The blend was not fully optimized
in terms of fullerene ratio and film thickness. The solar cells were finalized by
the evaporation of a Ca (20 nm)/Ag (100 nm) top electrode as reference. For
the devices with LT AZO (70 nm) or AZO NP (50 nm) layer, the devices were
annealed at 80 °C for 5 min after deposition of the solutions. For these devices, Ag

(100 nm) was deposited as top electrode as well. The active area was 10.4 mm?.
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Appendix F

Processing of Solar Cells with

Varying Hole Transport Layer

The photovoltaic devices were processed in ambient atmosphere. Pre-structured
ITO coated glass substrates (obtained from Osram) were subsequently cleaned in
acetone and isopropyl alcohol for 10 minutes each. After drying, the substrates
were coated with the HTL.

For section 5.1: The MoOx suspension(5 wt%, surfactant stabilized by an undis-
closed block copolymer in xylene), obtained from Nanograde (Product No. 3007),
was deposited via doctor blading. The further treatment followed a method de-
scribed by Meyer et al. [63]. Different thicknesses from 23 to 65 nm were obtained
by varying the solid content (0.5 to 2 wt%) of the dispersion by dilution with
xylene. Afterwards, the samples were baked on a hot plate at 100 °C for 10 min.
To remove the dispersing agent,the samples were treated in an Oy-plasma (2 min,
200 W, 0.2 mbar, gas flow 3 sccm). For reference devices, PEDOT:PSS (VP Al
4083) from H.C. Starck was diluted in isopropyl alcohol (1:3 volume ratio) before
deposition of an approx. 50 nm thick layer. P3HT purchased from Merck and
technical grade PCBM from Solenne were dissolved separately in chlorobenzene
at a concentration of 2 wt% and stirred for at least 1 hr at 60 °C before being
blended in a volume ratio of 1:1. The blended solution was stirred for at least
another hour at 60 °C before use. The approx. 100 nm thick active layer was
deposited via doctor blading. The whole stack was annealed on a hot plate at 140
°C for 5 min after evaporation of a 100 nm thick Al layer to form the top electrode.

The active area of the investigated devices was 10.4 mm?.
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For section 5.2: The WOy suspension (2.5 wt%, surfactant-free, alcohol-based,
XRD: 7Tnm particle size, crystal structure: triclinic) was obtained from Nanograde
Lle. (Product No. 4035). Before use, the solution was centrifuged for 4 min
at 1000 rpm to sediment secondary particles. The dispersion was deposited via
doctor blading without dilution except for the 13 nm film (1:1 with EtOH). The
samples were posttreated in an Og-plasma (2 min, 200 W, 0.2 mbar, gas flow 3
sccm) or annealed on a hotplate at different temperatures: 80 °C for 5 min or 130
°C for 30 min. An approx. 50 nm thick PEDOT:PSS (VP Al 4083, H.C. Starck)

layer was deposited for reference devices.

e Normal architecture P3HT devices: An approx. 100 nm thick active layer
was doctor bladed from a chlorobenzene solution of P3HT (Merck) and tech-
nical grade PCBM ([6,6]-phenyl-Cg; butyric acid methyl ester, Solenne) in
weight ratio 1:1. The whole stack was annealed on a hot plate at 140 °C for

5 min after evaporation of a 100 nm thick Al layer to form the top electrode.

e Si-PCPDTBT devices: An approx. 100 nm thick active layer was doctor
bladed from a dichlorobenzene solution of Si-PCPDTBT (Konarka) and
PC[70]BM ([6,6]-phenyl-C7; butyric acid methyl ester, Solenne) in weight
ratio 1:1.5. The blend was not fully optimized in terms of fullerene ratio and
film thickness. The solar cells were finalized by the evaporation of a Ca (20

nm)/Ag (100 nm) top electrode.

e Inverted architecture P3HT devices: Al doped ZnO was synthesized as de-
scribed as AZO 1 in C and doctor bladed as electron extraction layer on the
cleaned ITO substrates. An approx. 100 nm thick active layer was doctor
bladed from a chlorobenzene solution of P3HT (Merck) and technical grade
PCBM ([6,6]-phenyl-Cg; butyric acid methyl ester, Solenne) in weight ratio
1:1. Before the deposition of a 78 nm thick WOy layer, the samples were
annealed at 140 °C for 5 min. The whole stack was annealed on a hot plate
at 80 °C for 5 min before evaporation of a 100 nm thick Ag layer to form
the top electrode.

2. Current density-voltage (j-V)

The active area of all solar cells was 10.4 mm
characteristics were measured with a source measurement unit from BoTest. Illu-
mination was provided by an OrielSol 1A Solarsimulator with AM1.5G spectra at

0.1 W/em? (in air) or an LED cover (BoTest) with 12 ultra-bright, white LEDs (in
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nitrogen, glovebox). When using the LED cover, the light intensity of the LEDs
was adjusted, that the cells showed the same current under the solar simulator

and the LED cover. Six solar cells were processed for each configuration.
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