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Abstract

Organic photovoltaic cells (OPV) have received considerable attention as a potential source
of renewable energy for their advantages such as easy fabrication, lightweight, low manufacturing
cost, and mechanical flexibility. The improvement of device efficiency due to the incorporation of a
hole-transport layer (HTL) in bulk-heterojunction (BHJ) solar cells (SCs) has been extensively
reported. However, the most widely-used HTL material,
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is frequently suspected to
be the dominating source for the device’s instability under environmental conditions for its
hygroscopic and acidic nature. Moreover, its colloidal nature is suspected to be responsible for
spatial inhomogeneity and irreproducibility. Transition metal oxide (TMO) semiconductors are
considered attractive alternative materials for the replacement of PEDOT:PSS. In this study, two
different solution-processed molybdenum trioxide (MoQs), obtained from two liquid precursors, a
quasi-continuous MoQO;3; with alcohol-based precursor solution and a colloidal MoOs; with
water-based precursor solution were demonstrated and incorporated as the HTL in OPV for the
comparison of PEDOT:PSS HTL and a bare Indium tin oxide (ITO) electrode. The study was
accomplished by combining and comparing different spatial imaging techniques, surface and bulk
chemistry, device physics, photophysics, and so on to clarify the effects of HTL affecting the
device’s homogeneity and stability under different environmental conditions, dry air in the dark,
illumination in the air and humid air in the dark. Initially, different material properties of HTLs and
the bare ITO electrodes were characterized and the impacts of different HTLs upon
implementation into OPVs were compared. Furthermore, degradation mechanisms of SCs
influence by HTL were discussed by exposing different HTLs to various environments prior to
device finalization under inert conditions. This allowed the investigation of any effects within the
HTL and reactions at the interface between ITO electrode and active layer. Finally, the induced
degradation of OPVs under different environmental conditions, uncoupled from the influence of
any HTL was studied. This enabled observation of degradation mechanisms without the influence
of HTL materials. It has been discovered that independent of colloidal or continuous form, MoOs
presents a better candidate for solution-processed HTL materials, leading to higher homogeneity
and performance of OPV. Among different environments, humid air has been proved to be the
major environmental source, which strongly and fast deteriorates device performance regardless
of with and/or without the influence of HTLs. The contact loss between anode/HTL or HTL/active
layer interface induced by the partial film delamination was found on the device with
moisture-absorbed nanoparticle HTLs, especially hygroscopic PEDOT:PSS, due to the
swelling/shrinkage of the layer. When a device without HTL was exposed to the humid air
environment, a detrimental contact loss was observed owing to the formation of the insulating
barrier at the interface between cathode and active layer as water penetrated into the device
through pinholes of the Al cathode. In conclusion, this thesis provides the knowledge on the
influence of interlayers, interfaces and environmental effect in the SC from the device’s
inhomogeneity. This will help to improve stability and develop high performance OPV.



Zusammenfassung

Organische Photovoltaik (OPV) hat erhebliche Aufmerksamkeit als mogliche Quelle
erneuerbarer Energie angezogen, weil ihre Vorteile, wie einfache Herstellung, geringes Gewicht,
geringe Kosten flr Herstellung und mechanische Flexibilitdit Uberzeugend klingen. Die
Verbesserung der Effizienz durch die Einfihrung eines Hole Transport Layer (HTL) in
Bulk-Heterojunction solarzellen wurde ausfihrlich berichtet. Allerdings ist das am weitesten
verbreitete HTL Material, Poly(3,4-ethylenedioxythiophene):Poly (stirenesulfonate) (PEDOT:PSS)
vermutlich  haufig die dominierende Quelle flr Instabilitdét der Solarzelle unter
Umgebungsbedingungen, weil PEDOT:PSS hygroskopisch und sauer ist. Darlber hinaus wird
vermutet, dass die kolloidale Natur verantwortlich fir die rdumlichen Inhomogenitaten und
schlechte Reproduzierbarkeit der Zellen ist. Ubergangsmetalloxid Halbleiter sind als attraktive
alternative Materialien fir den Ersatz von PEDOT:PSS in den Fokus gekommen. In dieser Arbeit
werden zwei verschiedene flUssig-verarbeitete Molybdantrioxide (MoOs), die aus zwei flissigen
Vorldufern, einer quasi-kontinuierlichen MoOs Schicht aus einer Alkohol-basierten Precursorldsung
und eines kolloidalen MoOs; aus Wasser-basierter Precursorlésung demonstriert. Die MoOs;
Schichten wurden als HTL in OPV eingebaut fir den Vergleich mit PEDOT:PSS und reinen
Indium-Zinnoxid (ITO) Elektroden. Fur die Studie wurden unterschiedliche raumliche
Bildgebungsverfahren, Oberflachen- und Bulk Chemie, Physik, Photophysik usw. durchgefihrt, um
die Auswirkungen der HTL auf die Homogenitat und Stabilitdt der Solarzellen unter verschiedenen
Umgebungsbedingungen, trockene Luft im Dunkeln, Beleuchtung an Luft und feuchte Luft im
dunkeln zu kldren. Anfangs wurden verschiedene Materialeigenschaften der HTL und der reinen
ITO-Elektroden charakterisiert und die Auswirkungen verschiedener HTL auf die Implementierung
in OPVs verglichen. Zusatzlich wurden die Abbaumechanismen der Solarzellen, die durch HTL
beeinflusst wurden, diskutiert, indem verschiedene HTL unterschiedlichen Umgebungen
ausgesetzt wurden, bevor die Zelle unter inerten Bedingungen fertiggestellt wurde. Dies
ermoglichte die Untersuchung der Effekte innerhalb der HTL und Reaktionen an der Grenzflache
zwischen der ITO-Elektrode und der aktiven Schicht. Schlie8lich wurde der Abbau der OPV unter
verschiedenen Umweltbedingungen ohne den Einfluss der HTL untersucht. Dies ermdglichte die
Beobachtung der Degradationsmechanismen ohne den Einfluss von HTL-Materialien. Es wurde
gefunden, dass MoOs unabhangig von der kolloidalen oder kontinuierlichen Form ein besserer
Kandidat fur die flUssigverarbeitete HTL ist als PEDOT:PSS, was sich in hoher Homogenitat und
Leistungsfahigkeit der OPV zeigte. Unter den verschiedenen untersuchten Umgebungen hat sich
feuchte Luft als die Hauptumweltquelle gezeigt, die stark und schnell die Leistung der Zelle,
unabhangig ob mit und/oder ohne den Einfluss der HTLs, abbaut. Der Kontaktverlust zwischen der
Anoden/HTL- oder HTL/aktiven Schicht-Grenzflache, der durch die Delaminierung des partiellen
Films induziert wurde, wurde auf den Zellen mit feuchtigkeitsabsorbierten Nanopartikel-HTL,
besonders hygroskopischem PEDOT:PSS, aufgrund der Schwellung / Schrumpfung der Schicht
gefunden. Wenn eine Zelle ohne HTL der feuchten Luft ausgesetzt wurde, beobachtet man einen
Kontaktverlust aufgrund der Bildung einer isolierenden Barriere an der Grenzfliche zwischen
Kathode und aktiver Schicht aus Wasser. Letzteres ist durch die Nadelldcher der Al Kathode in die
Zelle eingedrungen. Zusammengefasst liefert diese Arbeit das neues Wissen lber den Einfluss der
Zwischenschichten, Grenzflachen und Umwelteinflisse auf die Solarzelle. Dies wird dazu beitragen,
die Stabilitat zu verbessern und OPV mit hoher Leistung zu entwickeln.
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Chapter 1
Introduction

1.1 World energy crisis

In 2015, the total world energy consumption was approximately 17 terawatts, which is
estimated to reach more than 22 terawatts by 2040 with a projected 28 % increase [1]. Currently,
the energy consumption relies mainly on fossil fuels (coal, oil, and, gas), which induce serious
environmental issues, such as CO, emissions, greenhouse effects, global warming, and so on.
With the awareness of this crisis, alternative, clean, and renewable energy sources are being
widely-developed for the replacement of fossil fuels. Nowadays, renewable energies
(hydroelectricity, wind, solar, geothermal, biofuels etc.) are reported to be the world’s
fastest-growing energy sources, increasing an average 2.3% per year between 2015 and 2040.
Figure 1.1 shows the world energy consumption by energy source from 1990 to the estimation in
2040, indicating not only the significantly emerging usage of renewable energy but also
constantly increasing use of all fuels except for coal. Although renewable energy has become one
of the world’s fastest growing forms of energy, fossil fuels continue to meet much of the world’s
energy demand [1]. Reliance on this limited resource is a short-term solution.

Figure 1.2 shows the renewable generation in the Organization for Economic Cooperation
and Development (OECD) Europe and an emerging country, India. Among all the renewable
energies, hydropower dominates the sector, being the oldest and most widely-used technology of
power generation. The growth in renewable energy in the last decade has been driven by wind
and solar sectors. Especially in recent years, the solar cell (SC) has become one of the most
promising clean energy sources, which meets the global energy and environmental challenges.

World energy consumption by energy source
quadrillion Btu

250 2015

petroleum and other liquids

200
natural gas

renewables

nuclear

0

1990 1985 2000 2005 2010 2015 2020 2025 2030 2035 2040

Figure 1.1 World energy consumption from 1990 to 2040 projection period by energy source
from U.S. Energy Information Administration [1].
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Figure 1.2 The renewable generation in (a) OECD Europe and (b) India from 2010 to 2040
projection period by energy source from U.S. Energy Information Administration [1].

1.2 Advantages of solar energy

Solar energy is an excellent choice for an environmentally-friendly reliable energy source,
with the surface of Earth irradiating approximately 100 petajoules (1015 W) of energy every
second [2], over 5000 times the current energy consumption in the world. In another word, solar
radiation received by the earth’s surface in 90 minutes is enough to feed the global energy
requirement for an entire year [3]. This abundance of solar radiation energy can be converted
directly into electricity through photovoltaic panels via the photoelectric effect. This offered a
remarkable potential of solar energy in the renewable technology during past decades. The
intensity of sunlight that hits earth’s surface is related to the path it has taken through the
atmosphere and its solid angle. Air mass (AM) is determined in order to describe the relative solar
position and is defined in the equation (1.1) [4],

AM =2 ~ 1

Po cos 6y,

(1.1)

where P is the path length of solar radiation through the atmosphere, Po is the zenith path length
normal to the Earth's surface at sea level and 8z is the zenith angle. Figure 1.3 shows different
atmospheric path lengths in units of AM, corresponding to the zenith angle. The spectrum
outside of the atmosphere, which traverses through no air mass, is defined as "AMO", meaning
"zero atmospheres". When sun radiation at zenith (or overhead position) traverses directly
through the atmosphere to reach the ground, the radiation is known as "AM1". "AM1.5"
corresponds to a solar zenith angle at 48.2°.

AM=P/P; = secf, ZENITH

6,-ZENITH ANGLE j?
AM 2.0

Figure 1.3 The atmospheric path lengths in units of Air Mass according to the zenith angle [4].
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Figure 1.4 shows the solar spectral irradiances according to AMO, AM1.5 global and AM1.5 direct
spectrum, respectively. The standard spectrum of AMO has an integrated power of 1366.1 W/m?.
The AM1.5 global spectrum is designed for flat plate modules with an integrated power of 1000
W/m? (100 mW/cmZ). The AM1.5 direct spectrum is determined for solar concentrators with an
integrated power density of 900 W/m?[5]. For comparison purposes based on analysis of solar
irradiance data from all over the world, all standardized testing of photovoltaic devices is carried
out under AM1.5 G spectra at 1000 Wm™. This standard condition was selected according to a
reasonable average for the 48 states of the United States of America (U.S.A.) over a period of one
year. The tilt angle is approximately the average latitude for the contiguous U.S.A [6].
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Figure 1.4 Solar spectral irradiances according to AMO, AM1.5 global and AM1.5 direct
spectrum [5].
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1.3 Types of solar cells

SC technologies are traditionally divided into three generations.

1.3.1. First-Generation solar cells

First-generation SCs are mainly based on crystalline silicon wafers, including
monocrystalline and multicrystalline silicon (Si) SCs [7]. A typical conventional Si device is
fabricated from crystalline Si, which is doped to form a p—n junction. The power conversion
efficiency (PCE) of the single crystal silicon SC has been over 26% in recent years [8]. The high
efficiency of these devices is due to the low bandgap of silicon (~1.1 eV) [9], contributing to the
efficient absorption of the solar spectrum in the 400-800nm region and its excellent charge
generation properties. This type of SCs dominates the current commercial market of photovoltaic
technologies for its high efficiency and stability [10]. However, the difficulties of growing large
crystals of pure mono-crystalline Si and the manufacturing process, resulting in a considerable
material loss, energy and cost during production, has led to the development of multi-crystalline
Si cells. Multi-crystalline wafers are cheaper and easier for device assembling, but they generally
result in cells and modules with conversion efficiencies that are 2 to 4% lower than those
obtained with mono-crystalline wafers, whose efficiency is still up to 20% [8]. For this generation
of SCs, the economic cost could be cheaper due to the development of multi-crystalline Si devices,
but the substantial amount of energy cost remains a big challenge [11].
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1.3.2. Second-Generation solar cells

The second generation SCs are also named as thin-film SCs, including amorphous silicon
and three non-Si materials, Copper indium diselenide (CIS), copper indium gallium diselenide
(CIGS), and cadmium telluride (CdTe). Amorphous Si SCs were the first type of thin-film SC.
Different from the traditional Si SCs using rigid silicon wafer, amorphous Si SCs utilize a backing
substrate, such as stainless steel, aluminum, glass or even plastic with deposition of a very thin Si
layer, allowing the manufacturing possibility for flexible devices. The deposition of amorphous
silicon layers is generally operated by plasma-enhanced chemical vapor deposition (PECVD),
which can reach large area deposition up to 1 m? or more [11]. However, this technology suffers
from low efficiencies (4-8% for commercial modules) and long deposition times (~1 hour) due to
slow deposition rates (~1 A/s). CIS, CIGS, and CdTe SCs have received wide attention owing to
their direct-gap property and high optical absorption coefficients, enabling absorption of the full
visible light range within 1 um. Since CIS, CIGS, and CdTe are p-type semiconductor materials,
their devices are mostly coupled with a very thin n-type cadmium sulfide (CdS) layer for a
heterojunction (HJ) structure SC [11]. One of the biggest advantages of second-generation SCs is
that only a few micrometers thickness of semiconductor materials are required for high-efficiency
device performance. The production cost is greatly reduced owing to less material consumption
and lower cost manufacturing processes compared to the first-generation devices. However, the
drawbacks of high energy cost from the high vacuum processes and temperature treatments and
the use of environmentally unfriendly materials, such as CdS in this type of devices, have
facilitated the development of the third-generation SCs in recent decades.

1.3.3. Third-Generation solar cells

Third-generation solar cells are the emerging photovoltaic technologies based on the
materials of organic molecules, inorganic nanoparticles or hybrids, including dye-sensitized SC
(DSSC) [12], perovskite SC [13], OPV [14-15], copper zinc tin sulfide SC (CZTS) [16], quantum dot
SC [17], etc. Most developed third generation SCs are the DSSC, perovskite SCs and OPV, due to
the low cost, solution processable and flexible manufacturing possibilities and tunable electronic
properties [12-15].

DSSC is composed of a porous layer of n-type TiO, electrode, covered with a
light-absorbing dye molecule, which is usually a metal organic complex, a metal cathode (e.g. Pt)
and an electrolyte containing a redox mediator [12]. Charge transport is driven by the electron
diffusion through TiO, and ionic diffusion in the electrolyte solution [18]. This concept allows
efficient separation of generation and transportation of charge carriers, resulting in a minimized
recombination. So far, the highest efficiency of DSSC is around 12% [8]. One of the major
concerns in the DSSC design is the use of liquid electrolyte due to its instability at varying
temperatures and leakage/evaporation from the solvent materials. Sealing remains a major
challenge in this type of SCs. Therefore, replacement of the liquid electrolyte with a solid material
has become a main ongoing field of research. Additionally, DSSCs have been studied in solid state
form by utilizing a p-type semiconductor material in the device to substitute the liquid electrolyte.
However, the efficiency of this type of devices is generally lower than original structure and with
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poor stability [19].

Perovskite SC was first demonstrated by the replacement of dye material with

organic-inorganic lead-halide perovskite compounds, CHsNHsPbls and CHsNHsPbBrs as
visible-light sensitizers in the DSSC [13]. These perovskite materials can be synthesized from
abundant sources (Pb, C, N, and halogen), and have unique optical, excitonic and electronic
properties. The SC efficiencies of this type of devices have increased initially from 3.8% in 2009
[13] to 22.1% in early 2016 [8], making it the fastest emerging potential solar technology to date.
However, the device’s instability caused by Ultraviolet (UV)-photodegradation of TiO, [20] and fast
decomposition of perovskite materials under humid conditions [21] and the usage of toxic
perovskite sensitizer, such as CHsNHs3Pbls and CH3NH3PbBrs remain the major obstacles for
commercialization of this type of SC.
OPV is based on small organic molecules or conjugated polymers (CPs) for light absorption and
charge transport to generate electricity via the photovoltaic effect. This type of device offers
several advantages. It is lightweight, non-toxic, low cost, mechanically flexible and has a
low-temperature manufacturing process, and disposable processability, high chemical versatility
and large-scale production ability [14-15]. Compare to all aforementioned SCs, OPV is one of the
most environmentally friendly technologies with the highest environmental compatibility. One of
the main disadvantages associated with organic SC is the lower efficiency around 12-13% [22,23]
compared to traditional inorganic devices (between 20-25% [8]) owing to their narrow absorption
bands, small exciton diffusion lengths, low carrier mobilities, high exciton binding energy (around
0.2-0.5 eV), low intrinsic carrier concentration and so on. Although the performance and stability
of the third-generation SCs are still limited compared to first and second-generation SCs, they
have great potential for commercialization. This thesis focuses on topics relating to organic SCs, in
particular, on bulk-heterojunction (BHJ) OPV.

1.4 Aim of the thesis

One of the biggest advantages of OPV is the solution processability that can be prepared
easily by mixing various components in an appropriate solvent and coating them onto different
substrates, which make it the higher possibility for flexible, large-scale, high-speed roll to roll
manufacturing processes [24-25]. Moreover, the efficiency of SC is tunable by numerous factors
such as the combination and mixing ratio of different donor and acceptor materials, dissolving
solvent, processing conditions, post-deposition treatments, and so on [26-27]. However, the
solution processed technigue and the multiple-layer process may lead to poor device
homogeneities, reproducibility and environmental instability, which can occur at various steps of
device preparation and appear in all layers. Understanding, controlling or blocking the effects of
these fluctuations will help to achieve high performance and stable devices.

The aim of this study is to use the imaging technique to investigate the predominant
factors of OPV on the generation of local microscopic inhomogeneities and their impact on local
device physics and charge transport variations with and/or without the influence of different
solution-processed colloidal hole-transport layers (HTLs) and environmental factors. First,
different HTLs were synthesized and their chemical, physical properties and morphology were



investigated. Moreover, the device physics and spatial homogeneity SCs with different HTL
materials were compared. Finally, the environmental degradation mechanisms of the devices
were studied with and without the influence of HTLs.

The structure of the thesis is shown as follows:

Chapter 2: This chapter gives a broad overview of the background theory and working principle of
OPV. Furthermore, different organic SC configurations, utilized material properties, and device
degradation mechanisms are discussed in this chapter.

Chapter 3: The materials and configurations of the studied devices and experimental techniques
utilized in the fabrication and characterization of OPV are covered in this chapter.

Chapter 4: Results and discussions are presented as three major topics:

(i)  Effects of hole-transport layer homogeneity in organic SCs — A multi-length scale study.

(ii) Influence of environmentally affected hole-transport layers on spatial homogeneity and
charge transport dynamics of organic SCs.

(iii) Short-term environmental effects and their influence on the spatial homogeneity of organic
SC functionality.

Chapter 5: The conclusions of this thesis are given in this chapter.
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Chapter 2
Fundamental Device Physics of OPV

2.1 Materials of organic electronics

Organic electronics are mainly based on conjugated polymers (CPs) or small molecules
organic semiconductors. Especially, CPs have received great attention for its application on
electronic devices since the report of conjugated polyacetylene and widely utilized as the
photoactive materials in OPV in recent years [1]. CPs present a carbon-based backbone along the
molecule with alternating single and double bonds. The carbon atoms are sp? hybridized with one
remaining p-orbital combined from the mixing of a 2s orbital and two of 2p orbitals, as shown in
Figure 2.1 (a) [2]. As two sp? hybridized carbon atoms are bonding together, a sigma bond (o)
(single bond) is formed when two sp2 orbitals combine and a delocalized n-bond (double bond) is
formed when the two remaining unhybridized 2p, orbitals overlap, as seen in Figure 2.1 (b) [2].
This is called conjugation.

Pz
(a) s Py sp- ‘
+ Px > @)SPZ
/ sp?
(b)

o bond
36 B BT

Figure 2.1 Hybridization of (a) 2s and 2p bonds to form sp2 hybrid bonds (b) two sp2 orbitals to
create sigma bond and tbond [2].

As the 1t orbitals are delocalized, they overlap across the undisturbed backbone forming a
band-like structure, similar to valence band and conduction band in a solid. Thereby the binding t
orbital forms the highest occupied molecular orbital (HOMO) and the anti-binding n* orbital
forms the lowest unoccupied molecular orbital (LUMO). With extension of the conjugation length
across the backbone or even intermolecular (in ordered structures), the delocalized 1 orbitals
form the HOMO level of the polymer, and the higher energy n* orbitals form the LUMO level, as
shown in Figure 2.2. Thereby the delocalized m-electrons enable charge transport within the
molecule of a CP, leading to optical and electronic properties and the conductivity of the
materials [3]. The bandgap energy (Eg) of the organic semiconductor is defined as the difference
between the HOMO and the LUMO. The bandgap energy of CPs mostly lies in the range of 1-3 eV
[4], which is relevant to the absorption range in the visible wavelength region, making the organic
semiconductors highly attractive materials for optoelectronic applications. By varying the
components of the CP chains, the electronic properties of organic materials are tunable, giving
them great potential for the application on electronic devices [5-6].
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Figure 2.2 Band diagram of molecular orbital from the double bond of discrete energy level to
energy band with increasing double bands.

2.2 Development of OPV
2.2.1. Single layer OPV

The first reported OPV was based on a monolayer of a conductive photoactive material,
poly(acetylene), sandwiched between two electrodes of different work functions, one with high
work function ITO coated glass, and the other with a low work function metal layer, for example,
aluminum, magnesium, or calcium [7]. The work function difference between the two electrodes
helps to split exciton pairs, pulling electrons to the cathode and holes to the anode [8]. These
cells exhibit low quantum efficiencies (<1%) and low power conversion efficiencies (PCEs) (<0.1%)
mainly due to the unfavorable dissociation of the created excitons for its high binding energy
approximately 0.5-1 eV [9] (only around 100 meV for crystalline Si [10]), insufficient electric field
to split excitons and recombination of electrons and holes before reaching to electrodes [11-12].
This single layer structure is the simplest architecture of OPV, illustrated in Figure 2.3 (a).

(a) single Layer OPV (b)  Biayer OPV (¢) Bulk Heterojunction OPV

Electron Acceptor

Semiconducting

Polymer

Electron Donor

Anode (ITO, metal) Anode (ITO, metal) Anode (ITO, metal)

Figure 2.3 Typical OPV architecture of the different active layer structures (a) single layer (b)
double layer (c) bulk heterojunction layer.

2.2.2. Bilayer heterojunction OPV

Tang et al. in 1986 demonstrated the first bilayer heterojunction (HJ) OPV [13], as shown
in Figure 2.3 (b). This type of device uses two different materials as photoactive materials, known
as donor and acceptor for charge separation. The material with higher electron affinity and
ionization potential is the electron acceptor, and another material is the electron donor [14]. The
electrostatic force generated by the energy offset between two layers improves exciton
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dissociation compared to single layer SCs. Although bilayer devices have obtained better
performance than single layer SCs, the achieved performances are only around 1 % [13]. A
significant drawback of bilayer devices is the short exciton diffusion length of organic materials,
typically 10 nm. The exciton diffusion length indicates the average distance that exciton can travel
before it recombines. Thereby only excitons generated close to the interface could be separated
into free charge carriers. The recombination occurs when the photogenerated excitons are unable
to reach the donor-acceptor interface. Maximum absorption of the incident light is normally
achieved when the thickness of the conductive layer is above 100 nm. If the donor or acceptor
layer is too thick, the excitons dissociated at the donor and acceptor interface is far from the HJ,
leading to the recombination of electrons and holes before they reach to the electrodes. On the
contrary, if the donor and acceptor layers are limited in 10 nm, weak absorption will induce poor
photocurrent of the SCs. Therefore, the low overall charge carrier generation of bilayer OPV is
mainly attributed to the limited interface region between donor and acceptor [15].

2.2.3. Bulk-heterojunction (BHJ) OPV

In order to overcome the limitation of the bilayer HJ OPV due to the short exciton
diffusion length and low exciton dissociation efficiency, a new device architecture known as BHJ
was developed in 1995 by Friend [16] and Heeger [17]. The BHJ structure is depicted in Figure 2.3
(c). In this type of device, the stacked active layers of the bilayer structure are replaced by a blend
of electron donor and acceptor materials. As a result of the intimate mixing of two materials, the
interfaces in the active layer have increased enormously for exciton dissociation and charge
transfer. The phase separation within the polymer blend is approximately 10—-20 nm. Thereby the
effective length scale of the active layer blend is similar to the exciton diffusion length, leading to
the effective charge extraction and improving device performances [16-17]. Nearly unity internal
guantum efficiency has been achieved for BHJ OPV since almost all photogenerated excitons are
dissociated and then the carriers are effectively transported toward the respective electrodes [18].
Therefore, a thicker active layer can be applied in the BHJ devices compared to the bilayer ones.
In a word, the structure of BHJ OPV fulfills the requirements of sufficient light absorption, suitable
exciton diffusion length, and efficient charge transport [17]. Different from standard bilayer HJ SCs
with only active layer and electrodes, the hole-transport layer (HTL) and the electron-transport
layer (ETL) are inserted in BHJ OPV, as shown in Figure 2.3 (c). These thin layers are utilized to
modify the work function of the electrodes, reducing leakage current losses from ohmic contacts
as donor and acceptor materials direct in contact with electrodes and improving the charge
transport efficiency of holes and electrons to the electrodes [19-20].

2.2.4. Comparison of conventional and inverted OPV

After OPVs have achieved the efficiency higher than 10%, the improvement of device
stability has become the important task. In recent years, longer device lifetime and higher stability
of OPV has been reported for the inverted configuration [21-22]. Figure 2.4 shows the
architecture of conventional and inverted BHJ OPV. In the inverted structure, the high work
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function metals or metal oxides (e.g. ITO) are utilized as the cathode for electron collection and
the low work function metals (e.g. Ag) as the anode for hole collection. In this configuration, the
device stability has been improved by replacing the oxygen sensitive Al metal with less air
sensitive metals such as Ag or Au [23]. Not only in the conventional BHJ OPV, PEDOT:PSS is also
commonly used as the HTL in inverted SCs [24-25], deposited on top of the active layer. In the
inverted structure, the ITO corrosion from the ITO and acidic-PEDOT:PSS interface can be avoided
[26]. The TMOs are widely studied as HTL and ETL for high performance and stability devices
[23,25-26]. Recently, the inverted device architecture has been suggested as the best candidate
to meet all these requirements including high efficiency, stability, low cost and high-speed
production into one system [27].

Conventional OPV Inverted OPV

Transparent Anode Transparent Cathode

Figure 2.4 Schematic device architectures of a conventional and an inverted BHJ OPV.

2.3 Operating principles of OPV

There are several steps of charge generation, transfer, and transport process during the
operation of OPV. Figure 2.5 presents a schematic energy diagram of fundamental physical

processes from light absorption to charge extraction of a donor-acceptor (D-A) BHJ system in an
OPV [9].

ABraua

anode  bulk heterojunction [l E)

Figure 2.5 lllustration of fundamental physical processes of a BHJ OPV. (i) Photo-induced exciton,
(i) exciton diffusion, (iii) exciton dissociation, (iv) charge separation, (v) charge transport, (vi)
charge extraction at electrodes [9].

11



(i) Photo-induced exciton

First, excitons are created in the donor material as incident photons are absorbed in the
active layer. Exciton is a combined electron-hole pair which is bound by the Coulomb force. The
main limit for the photon absorption is the band gap of the polymer active layer. The absorption
of an incoming photon with energy larger than the bandgap is able to excite an electron from the
donor’s HOMO level to its LUMO level, leading to the formation of an exciton.

(ii) Exciton diffusion

In this step, the neutral excitons have to diffuse to the D-A interface within its lifetime in
order to generate free charge carriers efficiently due to small diffusion length of excitons, in the
order of 10 nm [15]. The recombination will occur when the excitons are unable to reach the D-A
interface.

(iii) Exciton dissociation

As the energy offset of ionization potentials (HOMO level energy) and electron affinities
(LUMO level energy) between materials at the D-A interface are higher than the exciton Coulomb
binding energy, photogenerated excitons are dissociated at the D-A interface. In that process, the
charge pair on the donor side will dissociate by transferring the electron to the LUMO level of the
acceptor and retaining the positive charge on the LUMO of donor. Thereby charge transfer leads
to the formation of a Coulomb bound polaron pair across the D-A interface [28].

(iv) Charge separation (Charge-pair dissociation)

The internal electric field in the device obtained from the work function difference of the
electrodes triggers the separation of Coulomb bound polaron pairs at the D-A interface to free
electron and hole charge carriers [9]. The separation of hole and electron is called charge
separated state. Bound charge-transfer (CT) states at the D-A interface are only separated into
free charge carriers, if the work function offset of the electrodes exceeds the binding energy of
the bound charges. At the CT state, the polaron pairs may also recombine and decay to the
ground state, leading to the current loss [28].

(v) Charge transport

Owing to the internal electric field, free charge carriers are transported by a mixture of
band like transport and hopping transport through respective materials, electrons in the acceptor
material and holes in the donor material, towards the electrodes, respectively. At this state, the
transport efficiency of the charge carriers to the electrodes is affected by the mobilities of active
layer materials and non-geminate recombination [9,28].

(vi) Charge extraction at electrodes

In this step, the electrons are collected by the cathode and the holes are collected at the
anode.

2.4 Characterization of OPV

2.4.1. J-V curve parameters
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The performance and electrical behavior of SCs are commonly characterized by their
current-voltage (J-V) characteristics. Apply different voltages (e.g. between -1.0 and 1.0 V) to the
devices under illumination, typically AM 1.5 G, with the intensity of 100 mW/cm?” at room
temperature of 25 °C and in the dark, and then record their electrical responses. By analyzing the
J-V curves, the most important SC parameters such as open-circuit voltage (Voc), short-circuit
current (Jsc), fill factor (FF), and power conversion efficiency (PCE) can be obtained. Figure.2.6
depicts the typical J-V characteristics of a SC in the dark and illuminated conditions in (a) linear
and (b) semi-logarithmic plot [9].
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Figure.2.6 Typical J-V characteristics of a solar cell in the dark and illuminated conditions in (a)
linear and (b) semi-logarithmic plot [9].

Short-circuit current density (Jsc)

Jsc is the current density when V = 0V, defined as the generated current of the SC under
illumination in the absence of an externally applied potential. It is the maximum photocurrent
density that can be extracted from the device at short-circuit conditions. In the ideal case, Jsc, of

the SC can be described by Equation 2.1 [29-30],
]SC = eGL (21)
where e is the elementary charge, G is absorbed photon flux density/L and L the device thickness.

Moreover, Jsc is directly dependent on the external quantum efficiency (EQE), defined as the
incident photon-to-current conversion efficiency at the specific wavelength. The value of Jsc is
determined by Equation 2.2 [31],

Jsc = Ly 1€ Nen(D) - Mpor (DA (D)

where e is the elementary charge, Npy, (A) the photon flux density at the wavelength A, and neqe (A)
the external quantum efficiency at the wavelength A, which is defined by Equation 2.3 [32],

(2.2)

Nege = MNa " Mep “Mer “Nec (2.3)

where na is the light absorption efficiency, negp the exciton diffusion efficiency, ner the charge
transfer efficiency, and ncc the carrier collection efficiency.

To achieve a high Jsc of the SC, an active layer material with high charge carrier mobility, small
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bandgap for a broad solar spectrum, maximize exciton dissociation, charge transfer and charge
separation efficiency and minimize charge recombination are essential for consideration.

Open circuit voltage (Voc)

Voc is the applied voltage when J =0 mA/cm?, which is defined as the voltage where no
current flows in the circuit. In a typical metal-insulator-metal (MIM) device, Voc is determined by
the offset between work functions of the two metal electrodes [33]. The maximal achievable Voc
of BHJ OPV is determined by the energy difference between the HOMO of the donor material and
the LUMO of the acceptor material [34], as shown in Figure 2.7 [35].
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Figure 2.7 Schematic energy diagram of open circuit voltage in BHJ OPV [35].

The value of Voc is also a function of other parameters, such as the temperature, referred from
Equation 2.5 [36],

Voo = "?Tln(% +1) (2.5)

where k is the Boltzmann’s constant, e the elementary charge, T the absolute temperature, and Jg
the dark saturation current.

It has been also reported that Voc is significantly affected by the morphology of the active
layer [37], effective area and recombination at the donor and acceptor interface [38-40], and by
modifying work functions of the electrodes or interfacial effect by inserting a buffer layer or
forming a barrier layer between active layer and electrodes [41].

Fill Factor (FF)

FF is a parameter to describe the degree of squareness, rectangularity or the quality of the
J-V curve. The value of FF is defined as the ratio of the maximum power generated by the device
(yellow rectangle in Figure 2.6) to the product of the Voc and Jsc (white rectangle in Figure 2.6)
and determined by Equation 2.6,

FF = JmpPVmPP (2.6)

IJscVoc

where Jypp and Vipp are the current density and voltage at maximum power density (Pmay).

The FF presents a competing result between charge carrier recombination and transport [42].
Most FF values of the OPV are between 0.2-0.7 owing to various losses during charge dissociation,
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charge carrier transport, and the recombination processes in the device. Additionally, the FF is
directly influenced by the serial resistance (Rs) and shunt resistance (Rsy) of the device, which will
be discussed in the following section.

Power conversion efficiency (PCE)

PCE is defined as the percentage between the device maximum power output (Poyt) and
the incident irradiance light power per unit area (P\y). The PCE of a SC is determined by Equation
2.7 9],

PCE = Pouyr — VocJscFF (2'7)
PN PIN

Quantum efficiency (QE)

QE is determined by the number of charge carriers collected at the electrodes to the
number of incident photons on the area of the SC at the specific wavelength. In SC there are two
types of QE: External Quantum Efficiency (EQE) and Internal Quantum Efficiency (IQE). EQE is
determined by the ratio of the number of charge carriers collected by the SC to the incident
number of photons at the given wavelength, as shown in Equation 2.8:

__ Number of extracted electrons
Nege =

(2.8)

Number of incident photons

IQE is defined as the ratio between the number of charge carriers collected by the SC to the
number of photons absorbed by the active layer at a given wavelength, can be calculated as
Equation 2.9:

Number of extracted electrons
Number of absorbed photons

Nige = (2.9)

IQE only considers photons, which are absorbed in the active layer and does not take into account
the photons that transmit through and reflect from the SC or absorbed by other layers. In view of
the fact that the absorbed light is usually less than the incident light owing to some loss of light
from reflections or transmissions, IQE is normally higher than EQE. The difference between IQE
and EQE is essential for observing loss pathways between optical absorption properties of the
device and photo-conversion properties of the active layer materials [43].

2.4.2. Equivalent circuit mode

When the SC is measured under dark conditions, the electrical characteristics behave like
an ideal diode. The dark current density (Jp) is a function of the applied voltage of the device and
described by the Shockley equation, as shown in Equation 2.10 [44]:

Ip(V) = Jo(exp (55— 1) (2.10)

where Jg is the dark saturation current, V the applied bias, e the elementary charge, kg the
Boltzmann constant, T the temperature in Kelvin, kT the thermal energy, and kT/e the thermal
voltage Vr (25.69 mV at 25°C).

In the ideal case, when the SC is illuminated, the J-V characteristic is performed with an offset
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from the original Equation 2.10 by the photogenerated current density, Jon, given by Equation
2.11 [44]:

J(V) = b = Jph = Jo(exp (55 = 1) = Jpn (2.11)

This diode behavior can be described by a simple equivalent circuit, illustrated in Figure 2.8 (a), in
which a diode and a current source are connected in parallel [45].
J J
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Figure 2.8 The equivalent circuit of (a) an ideal solar cell and (b) a solar cell with series resistance
(Rs) and shunt resistance (Rsn) [45].

Different from the ideal diode behavior, additional resistances and recombination losses
commonly exist in the real SC, therefore, the electrical model derived from the ideal Shockley
equation has to be described including shunt resistance (Rsy) and a serial resistance (Rs). Rs, which
is in series with the ideal diode, describes contact, interface and bulk resistances such as injection
barriers and charge carrier mobility of SCs. Rs,, which is in parallel with the ideal diode, covers the
influence of local shunts and shorts between the two electrodes such as low resistance leakage
pathway through the semiconductor and direct contact between electrodes [9]. The influence of
Rs and the Rs, on the J-V characteristic of the SC can be studied using the equivalent circuit
presented in Figure 2.8 (b) [45] and described by the Equation 2.12 [46],

IW) = o {exp [<5ET — 1} + S - g (2.12)

where A is the active area of the device and n the diode ideality factor.

Figure.2.6 (b) demonstrates where Rsand Ry can influence the shape of a J-V curve. Rs
accounts for the shape in the zero photocurrent regions and Rs, in the zero voltage regions.
Thereby the Rs and Rs, can be approximated from the slopes of the J-V curve at Voc and Jsc,
respectively. Rs is estimated by the inverse of the slope near the Voc and Rs, near the Jsc, as
shown in Figure 2.9. The Rs and Rg, in the device can significantly influence the FF value of the SC.
In the literature, it has been reported that the higher serial resistance, Rs is relevant to the
increased resistivity of all materials of the OPV stack, the resistivity of the metallization, the
contact resistance between the various materials, especially at the active layer and electrode
interface or degradation of the bulk material. The decreased Ry, is corresponding to higher
leakage current through the whole device or imperfect production process with the presence of
shunts and shorts [47]. The reduction of the active layer and electrode interface and the
degradation of blend materials can lead to the drop of Voc and Jsc. The changes of electrode work
function and the existence of shorts will induce lower Voc. The increased resistivity can influence
the charge transport and extraction efficiency, leading to lower Jsc of the device. In chapter 4.2
and 4.3 of the thesis, the Rs and Ry, are utilized to clarify device degradation mechanisms.
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Figure 2.9 Obtaining values for Rs and Rs, from the photocurrent-voltage curve.

2.5 Materials for high efficient bulk-heterojunction (BHJ) OPV
2.5.1. Active layer

Donor materials

The first polymer donor was based on polyphenylenevinylene (PPV) derivatives such as
dimethyloctyloxyd-1,4-phenylenevinylene (MDMO-PPV) [16-17] (see Figure 2.10 (a)). PPV
derivatives were widely used as electron donor material until the development of
poly-3-hexylthiophene (P3HT) (see Figure 2.10 (b)). The low charge transport mobility and the
relatively large bandgap (around 2.3 eV) of PPV type polymers, which limit the absorption
wavelengths below 550 nm, leading to limited device efficiency around 3% [48]. P3HT has an
optical bandgap of 1.9 eV [49], which is able to absorb photons at higher wavelengths than the
PPV derivatives, the excellent charge carrier mobility and the highly ordered packing structure,
promoting the device efficiency to around 5% [50]. Nowadays, P3H has become a standard
material and been widely used in OPV studies. To further enhance SC efficiency, polymers with
smaller bandgaps (typically below 1.5 eV) have been developed to extended light absorption into
the infrared region [51].
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Figure 2.10 Molecular structures of (a) MDMO-PPV and (b) P3HT.

Acceptor materials - Fullerenes

A major breakthrough in OPV was made in 1992, Sariciftrci N.S., et al. proposed the first
fullerene acceptor, buckminsterfullerene (Cg), Which has a high electron affinity and high
electron mobility, allowing for charge separation of the bound excitons in the active layer [52].
Figure 2.11 (a) shows the structure of Cgo. When Cgo is paired with a donor material,
photo-induced charge transfer from the donor material onto Cgo can reach a picosecond
timescale. However, the poor solubility of Cgo restricted its application as only bilayer structures
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were achieved, limiting the device efficiency due to the short diffusion length of the generated
excitons [54]. Consequently, the synthesis of soluble fullerene derivatives such as
[6,6]-phenyl-Cg1-butyric acid methyl ester (PCgoBM) (see Figure 2.11(b)), and with its application
in BHJ structure led to a successful combination with various donor materials that have been
widely utilized as electron acceptor materials nowadays [16-17].

(a) ¢ (b) Pc,BM {c) pc,BM

Figure 2.11 Structure of (a) Ceo and fullerene derivatives of (b) PCsoBM and (c) PC70BM [53].

The LUMO energy level of PCgoBM, approximately -4.3 eV, makes it an excellent energy
match to meet the requirement of LUMO offset greater than 0.3 eV with many polymer donor
materials for the efficient exciton dissociation [18]. The photocurrent of the device was further
improved by replacing PC¢oBM with [6,6]-phenyl C;o-butyric acid methyl ester (PC;0BM) (see
Figure 2.11 (c)) as acceptor due to the enhanced absorption in the visible range, increased
absorption coefficient and more favorable interpenetration properties [55-56]. However, the fixed
LUMO values of these two fullerene derivatives acceptor materials (PCgoBM and PC70BM) limit the
Voc and the efficiency of their devices. Therefore, the devices with non-fullerene acceptors
so-called all-polymer SCs, where both donor and acceptor materials are CPs, have been
developed and reached power conversion efficiencies around 11 % [57-58]. All in all, the
favorable LUMO level, high electron mobility, and proper miscibility when being blended with
donor materials are crucial parameters for being considered as an ideal candidate of acceptor
material in BHJ OPV [59].

2.5.2. Electrode Materials

Anode

The most commonly used anode electrode material is ITO, which is typically a mixture of
In,03 (90%) and SnO, (10%) [60]. ITO has a large bandgap of 3.8 eV and high transparency (80%)
in the visible range, allowing the limitation of the absorption wavelengths to shorter than 350 nm
[61]. The material has high electric conductivity with low sheet resistances between 5-15 Qsq " in
the thickness region around 60-100 nm [62]. In general, the smoothness of the anode is critical
for fabrication of high efficient OPV since the rough ITO surface may come into direct contact with
the cathode or induce electrical inhomogeneity of the device. A suitable work function matched
to the HOMO of the donor is essential for an ideal anode material. However, the work function of
ITO is usually reported at around 4.7 eV [63], which is not well aligned with the HOMO level of
most commonly used donor polymers, for example, around 5.2 eV for P3HT [64]. Therefore, the
buffer layer like HTL is introduced to improve the roughness of ITO electrode and compensate for
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the energetic mismatch between the anode and the active layer interface.

Cathode

Efficient photogenerated electron collection of SC requires a cathode with a work function
well matched to the LUMO level of the acceptor material. For instance, low work function
materials, such as Al (4.2 eV), Ca (2.9 eV), and Ag (4.3 eV) are commonly utilized as the cathode
materials for the electron collection in OPV [65].

2.5.3. Interfacial buffer Layers

The interfacial layer such as HTL and ETL are widely used to improve the surface contact
and energy level alignment between the active layer materials and the electrodes in the OPV [20].
Figure 2.12 shows the schematic energy diagram of different materials in the BHJ OPV.
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Figure 2.12 Schematic energy diagram of different materials in the BHJ OPV.

HTL promotes hole extraction at the anode and ETL improves electron extraction at the cathode,
preventing unfavorable interfacial charge recombination at the electrodes. Polymer (e.g.
PEDOT:PSS) and metal oxide (e.g. NiO, MoOs, V,0s, W03, etc.) based HTLs have been widely used
in solution processed BHJ OPV. Low work function metal (e.g. Ca, Ba) and inorganic salts (e.g. LiF)
have been commonly applied as ETL to improve device performance [20,41].

Hole-transport layers (HTLs)

PEDOT:PSS is a CP from a mixture of two polymers, polyethylene dioxythiophene (PEDQOT)
and poly(styrenesulfonate) (PSS). It is one of the most commonly used HTL materials in OPVs,
connecting between the ITO anode and the active layer due to its solution processability, high
electrical conductivity, high charge carrier mobility, good optical transparency in the visible
spectral range, mechanical flexibility, and environmental stability [66-68]. Pristine PEDOT is
insoluble in most common solvents and unstable in its neutral state [69]. The poor solubility of
aqueous dispersion PEDOT was resolved by using a water-soluble polyelectrolyte, PSS, as a
charge-balancing dopant during polymerization, giving a PEDOT:PSS aqueous composite
consisting of a colloidal suspension [70]. As PEDOT:PSS is applied as HTL in the SC, the work
function of the anode electrode is increased due to its high work function, around 5.1 eV [68].
This improves the energy level mismatch between the anode and the donor material in the active
layer, prompting a better hole extraction at the interface and preventing electron leakage.
Furthermore, PEDOT:PSS HTL also improves the surface roughness of the ITO substrate, resulting
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in a lower electric resistance of the electrode, increasing the adhesion and reducing the residual
stress of the ITO film [71]. However, due to the acidic (usually a pH value between 1.5-2.5) and
hygroscopic nature of PEDOT:PSS, it is known to generate instability and shorter lifetimes of
devices especially after exposure to humidity [72]. A post-deposition thermal treatment plays an
important role in removing the moisture in the film during the fabrication process. However, the
long-term stability of these SCs is still a big challenge.

It has been demonstrated that high work-function transition metal oxides (TMOs) might
be suitable alternatives for PEDOT:PSS. TMOs were first utilized in organic electronics by Tokito et
al. in the late 1990's, where thin layers of MoOs, V,0s, and RuO, were used as interlayers
between the anode and organic material in organic light emitting diodes (OLEDs), leading to a
significant increase in hole injection in the devices [73]. Nowadays, TMOs are widely applied as
either HTLs or ETLs in the OPV due to its wide range of work functions, covering values from the
extreme low end of 3.5 eV for ZrO, to the extreme high end of 7.0 eV for V,0s[74]. High work
function metal oxides are often utilized as HTL for the anodes, such as MoOs[75], WO3[76], NiO
[77], and V,05[78]. The low work function TMOs are used as ETL for the cathode, including TiO,
[79], ZnO [80], and ZrO, [81]. In most cases, TMO layers are prepared via thermal evaporation,
molecular beam epitaxy, electron beam evaporation, pulsed laser deposition or sputtering [82-84].
These approaches possess several advantages, including well-controlled film thickness, high purity,
and desired physical properties for metal oxide film preparation [85]. However, those techniques
require considerably high vacuum and temperature conditions. For the aim of low cost,
large-scale, high-throughput production and flexible ability of OPV, the all-solution processed
approach is favorable for device fabrication. Therefore, solution-processed TMOs have attracted
significant attention in recent years. The solution-processed methods have been widely applied
on the preparation of V,05[86] and MoOs nanoparticle films [87-88]. A slight drawback of V,0s is
the relatively low band gap of around 2.3 eV. A thicker layer (>10 nm) of V,0s may cause
substantial absorption losses in the spectral region [88]. MoOs has a larger band gap around 3 eV
[89], which leads to a good transparency of the film. Combining with its high work function,
around 5.5 eV [89], making MoOs an ideal HTL material for high efficient OPV.

Electron transport layers

Except for low work function TMOs, LiF, Ca, and Ba are also widely used as ETL materials in
OPVs. For instance, an extremely thin layer (0.5-2 nm) of lithium fluoride (LiF), was applied
between the active layer and cathode as ETL layer to improve device performance [41,90-91],
especially on the Voc, owing to the decreased effective work function of the Al electrode. In
addition, a LiF film can protect the organic layer from the hot Al atoms during thermal deposition,
inhibiting oxygen diffusion into the organic layers and improving the stability of devices [41]. Ca
and Ba (around 20 nm) have also been reported to significantly increase device performance as
ETL material [91].

2.6 Degradation mechanisms of OPV
Understanding the degradation mechanisms of SCs and how they affect operating
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lifetimes are crucial steps to develop high-efficiency devices. Literature has identified several
pathways that deteriorate device performance, including chemical, physical, and mechanical
issues that influence single active layer, interfaces, contacts, and so on [92-94]. Figure 2.13 shows
common degradation mechanisms occurring in OPV [92]. The following sections will present the
major pathways that generate device instability and short lifetime.

2.6.1. Moisture and oxygen diffusion into OPV

Moisture and oxygen are considered to be the major degradation sources of OPV [95-97].
The presence of oxygen or water molecules in the organic SC is either from the direct diffusion
through the sides of the device, wet PEDOT:PSS film, or absorption by the Al cathode with
diffusion through the microscopic pinholes or grain boundaries at the surface towards all
interfacial layers of the device (see Figure 2.13). Organic active layer materials and metal
electrodes such as Al are directly sensitive to water and oxygen, thus the penetration of these
molecules into the device can result in the photodegradation of polymers and formation of oxide
composites near the metal electrodes. With PEDOT:PSS, humidity triggers corrosion of other
layers, which induces an ion diffusion effect and degradation at the ITO electrode, leading to an
indirect origin that causes device failure [92,96].
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Figure 2.13 Schematic illustration of degradation paths occurring in a BHJ OPV [92].

2.6.2. Light-induced active layer degradation

lllumination induces photochemical reactions on many organic components in the active
layer of OPV, named photolysis. This chemical reaction is accelerated in the presence of oxygen
and/or water, known as photooxidation [98-99]. It has been reported that illumination stimulates
the deterioration of organic SCs due to the photooxidation effect of CPs [100]. For instance, P3HT
as well as P3HT:PCBM blend as active layer materials are proposed intrinsically and
photochemically stable under an inert atmosphere in the absence of oxygen [100-101]. However,
the photooxidation of a CP induces oxidation of the polymer side chains and backbone, leading to
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the disappearance of alkyl groups and thiophene rings [102-103]. This process causes the break
of the conjugation along the backbone and reduces the conjugation length of the polymer,
inducing light absorption loss, which is known as the photo-bleaching process [101,104].
Literature has also reported that as the polymer exposes to oxygen molecules upon illumination,
a charge transfer complex, P3HT:0,-complex, is formed in the active layers [92,101]. This
polymer-oxygen complex reduces the concentration of neutral P3HT in the active layer, leading to
a dramatically decreased light absorption intensity with less photogenerated charge carriers that
induce lower photocurrent of the device [97,104]. Moreover, it has been suggested that the
photooxidation of organic compounds creates oxidation products in the active layer that act as
charge traps, inducing recombination in the active layer. This results in a reduction of Vg, FF, and,
Jsc of device performances [98]. Literature has also proposed that the formation of H,0, at the
benzylic position from a side chain oxidation is responsible for the polymer degradation [105-106].
Furthermore, it has been demonstrated that the conductivity of the P3HT:PCBM blend under light
exposure in the air decreases faster than the pure P3HT polymer [100,107], indicating that the
PCBM acceptor upon oxygen absorption and light illumination is also an origin for the SC
degradation. M.O. Resse et al. proposed that when PCBM fullerene cages reacted with oxygen in
the air, the lower LUMO level oxidized PCBM (O,, (PCBM)) created deeper trap states within PCBM
after photooxidation. Figure 2.14 shows how the presence of trap states limits mobility in PCBM
domains. These trap states result in an increased energetic disorder in the system, leading to a
reduced electron mobility of PCBM, and consequently influence the photocurrent of the SC [100].
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Figure 2.14 Schematic energy diagram of how the presence of trap states limits mobility in
PCBM domains [100].

2.6.3. HTL PEDOT:PSS and electrodes related device instability

Most of the degradation effects mentioned in this section are independent of illumination.
HTL PEDOT:PSS

It has been discussed in the previous section, that PEDOT:PSS is widely used as a HTL to
enhance OPV performance. However, PEDOT:PSS is also one of the major sources, which causes
device instability due to its hygroscopic and acidic nature. As PEDOT:PSS absorbs atmospheric
moisture, an injection barrier in the device is created, leading to a decreased photocurrent of the
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SC [108]. The acidic PEDOT:PSS after absorption of moisture may react with the underlying ITO
surface, resulting in dewetting and delamination of the interface that will cause disastrous device
failure. It has also been reported that the chemical bonds of the PEDOT:PSS are decomposed
upon UV-light illumination in the presence of oxygen, inducing a decreased HTL conductivity [109],
but this effect is often neglected.

Anode

The most used anode material, ITO, is also reported as an origin that induces instability of
SC due to corrosion of the ITO film. The ITO corrosion occurs when devices are exposed to
humidity [110-111]. For instance, when the hygroscopic and acidic PEDOT:PSS absorbs the
moisture, it triggers etching of ITO at the interface between the two materials, with the diffusion
of In ions and Sn ions through the PEDOT:PSS film to the active layer or across the device
[110-111]. In and Sn ions have been found at saturation concentrations of 2.7% throughout the
entire PEDOT:PSS layer, from where they diffuse further into the active layer creating quenching
centers for excitons.

Cathode

Metal electrodes such as Ca or Al are commonly used in the OPV for their low work
function and high conductivity. However, those metal electrodes, especially Al, have high
reactivity with oxygen. As a device is exposed to ambient atmosphere, oxygen or water molecules
diffuse through metal pinholes or grain boundaries into the active layer, leading to the formation
of a metal oxide insulating barrier layer such as Al,03 at the cathode and active layer interface,
reducing charge extraction efficiency and therefore deteriorating device performance
[94,112,113]. Furthermore, it has been reported that active layer materials have also chemical
reactions with cathode materials. Take Al for example, as Al penetrates into the active layer, the
interaction between the polymer and Al forms aluminum—carbon bonds (Al-C bonds) at the Al
and organic interface, inevitably breaking the n-conjugated system of the organic layer [114-115].
It has also been shown that Al reacts with fullerene molecules, such as Cgg, forming Al-Ceg bonds,
which lead to reduced charge transport and device performance [94].

2.6.4. Thermal instability

Thermal treatments of the active layers are commonly applied to improve the phase
segregation between the donor and acceptor materials to achieve an optimal morphology for
better exciton dissociation and charge transport efficiency of the BHJ OPV [116-118]. In fact, the
thermal treatment can either improve or deteriorate the device performance according to
different experimental conditions. For example, a thermal annealing above glass transition
temperature (Tg) of P3HT, PCBM or polymer films allows the free-flowing chains in the polymer to
untangle into lower energy conformation and increase the degree of inter-chain interactions
[119-120]. This improves the crystallinity and chain packing of the materials, leading to a better
charge conduction of the active layer and promoting a higher photocurrent in the device
[117,120]. However, extremely high temperatures induce conformational changes within P3HT,
which decreases its conjugation length, and thereby increases the bandgap of the material. This
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may drastically reduce the conductivity of the active layer and decrease device performance [119].
Moreover, many studies have been reported that thermal annealing induces the formation of
crystalline PCBM-clusters that reduces the interfacial area between donor and acceptor, resulting
in lower photocurrent and serious deterioration of the device [121]. Furthermore, the thermal
treatment can trigger the diffusion of different materials within the SC which induce chemical
reactions within different layers and deteriorate device performance. For instance, hot Al atoms
generated during the thermal evaporation process diffuse into the active layer, leading to a
chemical reaction at the metal and organic interface and inducing electrical failures of the device
such as shunts [122].

2.6.5. Other device deterioration related factors

Encapsulation

Encapsulation of the SC greatly improves device lifetime by protecting the cell from the
diffusion of oxygen, moisture, and UV radiation. Ideal encapsulation can seal the device
completely. However, in most SCs oxygen and water penetrate or diffuse through the
encapsulation material or from the sides of the device [92,98], especially roll-to-roll processes for
flexible encapsulation. Therefore, the lifetime of the flexible OPV was still much shorter in
comparison with the glass substrate devices [123]. The choices of the encapsulating materials,
substrates and techniques play important roles on extending lifetimes of SCs. On the contrary, the
wrong selection of the materials and techniques may even reduce the lifetime, trigger the
instability or induce deterioration of the devices. (e.g. choice of encapsulating resin or UV-curing.)

Delamination

Delamination, electrode failure, packaging failure and low adhesion between layers can
highly affect the stability of OPVs [124-125]. Among that, delamination can be triggered in various
ways and present at any interfaces in the SC. For example, the thermo-mechanical stresses such
as repeated bending of flexible devices [124] or the presence of moisture in the device induce
delamination, leading to significantly reduced charge transport and extraction efficiency of the SC
[126].

2.7 Imaging techniques for studying inhomogeneity and stability of OPV

It has been shown that large-area semiconductor thin-film inorganic devices present
significant inhomogeneous Voc and Jsc in the lateral directions due to macroscopic imperfections
such as defects in the glass substrate, structural inhomogeneity or contaminants in the film. The
observed inhomogeneities cover different length scales from millimeters to centimeters,
especially on the large (1 cm) scale. These nonuniformities considerably affect the device physics
and stability of the inorganic thin-film diodes [127]. The solution-processed OPV provides great
large-scale processability. However, large-area, thin-film semiconductor devices often exhibit
strong fluctuations in electronic properties on a mesoscale level (nanometer to micrometer
dimensions) that originates from subtle local microscopic fluctuations in material structures such
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as domain size, chemical composition, contact properties, film thickness, and the presence of
impurities or grain boundaries [127]. For the OPV, the devices’ fluctuation could be caused by the
photoactive layer alone, the use of charge selective interlayer, their material and preparation
details, or the choice of deposition of the electrode. These lead to significant batch-to-batch and
device-to-device variation in the SC. Since J-V characteristics alone cannot explain the exact
origins of failure of these devices, lateral and local imaging methods are applied in order to obtain
a more profound information of the local nonuniformities of devices [128]. Moreover, spatial
scanning techniques have also been successfully utilized to monitor degradation of optoelectronic
devices [128-129]. Spatially resolved characterization delivers information about the topography,
composition, electrical and optical properties, using a combination of imaging and spectroscopic
methods, such as conductive atomic force microscopy (AFM) [130], near-field scanning optical
microscopy [131], lock-in thermography [132], photo- and electroluminescence (PL, EL) imaging
[133], light-beam induced current (LBIC) [134], and so on. In the literature, it has been found that
the spatial photocurrent mapping of OPV appears as identical feature in AFM topography image
of active layer at different length scale imaging [130]. Literature has shown that cross-sectional
transmission electron microscopy and dispersive X-ray spectroscopy are able to identify the
cathode material oxidation [112]. The PL imaging can be used to investigate the loss of
m-conjugated system in the active layer due to the photooxidation. By combining the EL and PL
imaging techniques, the interface and active layer degradation of the device can be distinguished
[133]. The dark and illuminated lock-in thermography images have been utilized to observe local
shunts of SC upon degradation [132]. LBIC and EL imaging techniques can be applied to observe
the spatial photocurrent of the device, in particular, LBIC, has been widely used to evaluate
spatially resolved electrical characterization of the SC and localize fabrication defects and
degradation of the devices [129,134]. This technique allows characterizing individually each cell
to understand the predominating factors of device failure by an inhomogeneous effect.
Furthermore, local J-V characteristics at different sites of the device can be used to identify the
origin of the defects inducing the local photocurrent inhomogeneity. In short, the understanding
of the origins of inhomogeneities of SCs will help to improve the device performance and stability.
The different length scale characterization from nano- to micro- or even centimeters can assist to
explain how a microscopic inhomogeneity of individual films influence macroscopically large areas
of devices [127].
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Chapter 3
Experimental and Characterization

3.1 Materials and chemicals

Anode:
ITO (Indium-doped tin oxide(SnO,: In), 20 Q /square, Ossila.)

Hole transport layer:

PEDOT:PSS: Poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate), Heraeus
Deutschland GmbH & Co. KG (Clevios P Jet (OLED))

MoOs-1: Bis(acetylacetonato)dioxomolybdenum(VI)  (MoO;(acac),), Sigma-Aldrich;
Isopropanol, VWR International LLC.

Mo0s-2: Ammonium molybdate ((NH4)>MoQ,) (299.98%), Sigma Aldrich; Hydrochloric
acid HCI ( 237%), Sigma-Aldrich
Active layer:

Donor: Poly(3-hexylthiophene) (P3HT), Rieke Metals Inc. (MW 50,000-70,000 gmol™
regioregularity 91-94%).

Acceptor: [6,6]-Phenyl-Cei-butyric acid methyl ester (PCgBM), Nano-C Inc. (99.5%
purity).
Solvent: Anhydrous chlorobenzene, Sigma-Aldrich.

Electron transport layer:

LiF (Lithium fluoride)
Cathode:

Al (Aluminum)

3.2 Preparation of MoO3; HTLs

3.2.1. Fundamentals of sol-gel process

In this study, MoOs HTLs were prepared by the sol-gel process. The sol-gel transition can
be used to prepare materials with a variety of shapes, such as porous structures, microspheres,
monoliths, thin fibers, dense powders and thin films [1]. The sol-gel method is widely developed
for the fabrication of metal oxide films due to its simple technique with low cost, and solution
processability at the room temperature [2-3].
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A sol is a stable dispersion of colloidal particles (~0.1-1 um) or polymers in a liquid solvent,
where only the Brownian motions suspend the particles. A gel is a state where both liquid and
solid are dispersed in each other, which presents a porous, three dimensional continuous solid
network containing a continuous liquid phase, named wet gel. Sol-gel processes involve a state
change from monomers into a colloidal dispersion solution (sol) that acts as the precursor, typical
metal alkoxides, to an integrated network (gel) of either discrete particles or network polymers
[1,4]. This transformation process could be finished through agglomeration, poly-condensation
reactions, subsequent chemical cross-linking, electrostatic destabilization, evaporation or some
combination thereof [4]. Figure 3.1 shows a schematic diagram of the sol-gel process and its
various products. The process can be summarized in the following key steps [1,4-6]:

Supercritical
Hydroly5|s °o 4 Gelatlon P drying
o oo N —
Condensatlon ° 8e
Solution of Gel Aerogel
precursor Spin , spray and Ambient Sinterin
dip coating, dip press & temp 8
— e R —_—> I
Sintering Sintering
Film Xerogel Film Xerogel Ceramic

Figure 3.1 A schematic diagram showing the sol—gel process and its various products.

(1) Formation of a sol

|Il

Synthesis of the “sol” is usually from hydrolysis and partial condensation of alkoxide
precursors [6]. Hydrolysis is a reaction in which a metal alkoxide (M-OR) reacts with water to form
a metal hydroxide (M-OH) [7], as seen in Equation 3.1 [5]:

M —-OR+ H,0 - M- 0OH + ROH Hydrolysis  (3.1)
(2) Gelation (sol-gel transformation)

Condensation is a reaction which occurs when two metal hydroxides (M-OH) combine to
form a metal oxide species (M-O-M) [7], as shown below in Equation 3.2 and 3.3 [5]:

M—-0OH+M—-0OR—->M—-0—-M+ROH Alcohol Condensation (3.2)
M—-0OH+M-0H->M-0-M+ H,0 Water Condensation (3.3)

The particles in the sol are polymerized through the removal of the stabilizing components
to produce a gel in a state of a continuous network [5]. The structure of gelation is related to
glass-forming processes that may be changed significantly with time, depending on the
temperature, solvent, or pH conditions.

(3) Ageing (syneresis)

In the process step of aging or syneresis, the condensation within the gel network
continues, the stiffness of the gel increases and the thin film shrinks due to the removal of the
solvent [5].

(4) Drying

The conventional drying process is induced by increasing temperature or decreasing

pressure for evaporation of the liquid in the wet gel. Drying of the gel can either form a dense

“xerogel” [”

via the collapse of the porous network or an “aerogel” through supercritical drying [6].

The structure of xerogel and aerogel are shown in Figure 3.1. Xerogels are formed by evaporation
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of the pore liquid from the initial wet gels under ambient conditions or with the heat treatment
that gives rise to capillary forces and leads to shrinkage of the gel network. Aerogel structures are
established by a supercritical drying for removal of solvent, yielding a product more similar to the
size and shape of the original gel. Aerogels may have low solid volume fractions near 1% with very
high porous volumes [8].

The preparation of metal oxide thin films by the sol-gel method can be processed as
shown below (see Figure 3.1). First, the desired colloidal particles are dispersed in a liquid to form
a sol. Then, deposit the sol solution on the substrates by spraying, dipping or spinning to produce
the thin film coatings. Gelation is formed by rapid evaporation of the solvent. The final thermal
treatments pyrolyze the remaining organic or inorganic components and form an amorphous or
crystalline coating [5].

3.2.2. Experimental methods for MoO; HTL preparation
MoOs-1

The MoOs-1 precursor solution was prepared according to the procedure reported by K.
Zilberberg et al. [9]. MoO;(acac), was dissolved in isopropanol to form a 0.5% (w/v) solution. This
MoOs precursor formulation was spin-coated onto ITO substrates at 3000 rpm for 40 s, followed
by hydrolysis reaction at room temperature in ambient air for 1 hour and post-annealed at 160 °C
for 20 min, and then formed a continuous MoOs layer [10].

MOO3-2

The Mo0Os-2 precursor formulation was prepared by hydration method in aqueous
solution as reported by Dong et al. [11] and Liu et al. [12]. (NH4),MoQO4 was dissolved in distilled
water to form a 0.005 mol/L solution. Then 2 mol/L aqueous HCl was added drop-wise under
stirring until the pH value of the solution was between 1 and 1.5. The prepared formulation
deposited onto ITO substrates by spin-coating at 3000 rpm for 40s. The obtained film was
annealed at 160 °C for 20 min in air, and then the MoQOs nanoparticle film was formed [10].

3.3 Solar cells fabrication

Figure 3.2 shows the device architecture of standard studied SCs with P3HT: PCBM active
layer and different HTLs materials, continuous MoO3 (Mo0Os-1), nanoparticle MoOs; (MoOs-2), and
PEDQT:PSS, or without HTL (=ITO). First, ITO substrates were cleaned by sonication in acetone and
isopropanol for 10 min, respectively. O,-plasma etching (100 W for 15 min) was applied to the
substrates briefly before use to achieve the desired low work function [13] of the ITO and improve
the hydrophilicity of the surface [14] to obtain better wetting and adhesion for the deposition of
the uniform following layers. After plasma-etching the HTL was spin-coated onto the ITO
substrates at 4000 rpm for PEDOT:PSS and 3000 rpm for MoOs (both MoOs-1 and MoQOs-2) for 40
s, respectively, from its aqueous solution filtered by 0.22 um Polyvinylidene difluoride (PVDF)
membrane filters (Sigma Aldrich). The MoOs-1 and MoOs-2 films were kept in air for 1 h for
hydrolysis at room temperature and then annealed at 160 °C for 20 min. The PEDOT:PSS anode
buffer layers were annealed at 160 °C for 20 min under Ar flow to remove moisture in the film.
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The film thickness of PEDOT:PSS is around 40 nm, and MoOs layers are around 10 nm measured
by spectroscopic ellipsometry [10,15]. For the preparation of studied devices with different
environments exposed HTLs, the as-prepared HTLs were exposed to dry air with <20% relative
humidity or humid air with >80% relative humidity without illumination, or to dry air under white
light illumination (tungsten halogen) at 10% equivalent of AM1.5G. The exposure duration was 18
hours at 25°C [15]. The active layer was spin-coated in an Ar atmosphere from a solution of P3HT
and PCBM (1:1 weight ratio, each 18 mg/mL) in 70 °C chlorobenzene at 2500 rpm for 60 s,
followed by annealing at 120 °C for 10 min for better crystallinity and higher mobility of the active
layer to enhance its charge transport properties [16]. The obtained film thickness of the active
layer was around 150 nm measured by profilometry. The cathode and ETL were deposited by a
thermal evaporation as a bilayer of LiF/Al in the glovebox. Approximately 2 nm thick LiF was
evaporated at a rate of 0.2 A/s and with a start pressure of 1x10” mbar and followed by 100 nm
of Al with an evaporation rate between 0.5-2 A/s [10]. For the preparation of studied devices
without HTL exposing to different environments on the entire SCs, the nonencapsulated devices
without HTL were exposed to static Ar, aforementioned dry air, or humid air without any
illumination, and to dry air under white light illumination. The duration of exposure differed from
0 to 240 min at 25°C [17].

# PEDOT:PSS (40 nm)
# MoO;-1 (continuous, 10 nm)

4 # Mo0;-2 (nanoparticles, 10 nm)

Figure 3.2 Device architecture of the standard studied solar cell [10].

3.4 Characterization techniques

3.4.1. Atomic force microscopy (AFM)

AFM, one of the scanning probe microscopes (SPM), is widely utilized as a tool to
investigate the physical topography, surface forces as well as material properties of the specimen
such as height, magnetism, stiffness, surface chemistry etc. on the nanoscale. The resolution of
AFM is comparable to electronic microscopes, but the major difference is that AFM can be
applied to detect electrically non-conductive materials [18-19]. Figure 3.3 shows a typical AFM
setup.
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Figure 3.3 Schematic of typical AFM setup.

AFM is based on raster scanning a cantilevered tip in the x-y plane over the surface of a
specimen, by attaching the sample or the cantilevered tip itself to a scanner [20]. As the tip
moves toward the sample surface, forces between the tip and the surface induce the deflection
of the cantilever. The deflections of cantilever towards or away from the sample surface are
measured by the reflection of a laser beam. The position of the laser spot from the reflected laser
beam is recorded by a four-quadrant photo-detector. The measurement of an AFM is achieved by
using a piezoelectric controlled X, Y stage to move the sample relative to the probe and record the
value from vertical Z dimension. By scanning in a specific range on the sample surface and
utilizing a feedback loop to control the height of the tip above the sample surface to keep a
constant laser position, the relative height of the surface can be determined [18]. For imaging
sample topography, the surface can be scanned in different modes, as shown in Figure 3.4 [21,22]
and described below:

Contact mode:

In this mode, the tip physically contacts with the surface of the specimen with strong
repulsive force on the tip. The feedback loop system adjusts the height of the cantilever to keep
the deflection constant as the tip moves over the sample [22]. Thereby the deflection of the tip is
directly related to the height of the sample. Contact mode imaging gives high resolution but is
significantly influenced by frictional and adhesive forces, and can easily damage the surface of
samples. This mode is suitable for dried or fixed samples and also when dissection or
displacement of a particle is desired [23].

Non-contact mode:

Non-contact mode works by sensing Van der Waals attractive forces between surface and
probe tip. The cantilever is oscillated at the resonance frequency in low amplitude close to the
surface without touching the sample and the amplitude of the oscillation is kept constant. The
change in amplitude and frequency of the oscillation is used to determine the height of the
surface. Non-contact imaging generally provides lower resolution than either contact mode or
tapping mode due to the weak attractive force. This technique is also easily influenced by a fluid
contaminant layer on the surface since the contaminant layer is generally thicker than the range
of the Van der Waals force gradient that would induce interference with the oscillation [24].
Thereby, this mode is usually utilized when the sample surface is susceptible to the tip contact.

Tapping mode:
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Tapping or intermittent contact mode, where the tip is oscillated with a high amplitude to
tap the surface. In this mode the tip only intermittently contacts with the surface instead of direct
contact like contact mode. It is a mode designed between the contact and non-contact mode to
achieve high resolution images without inducing destructive forces and damage on the samples.
This technique resolves the problems associated with friction, adhesion, electrostatic forces
between the tip and the specimen, avoid harming the sample by intermittently contacting the
sample surface and prevents the tip from being trapped and interfered through the contaminant
layer by oscillating with adequate amplitude. Tapping mode is commonly applied to image
non-fixed samples or samples in liquid media, such as soft and fragile samples [24-25].

Force on ti
P Typical Van der Waals force curve

i Contact mode
e ahl:

Zero

Tapping mode

Attractivey m T
Non contact mode (

MLMLA,

Contact non- contact Distance

Figure 3.4 Different modes of AFM and their corresponding force-distance curve [21-22].

In this study, material structure and film morphologies were analysed by AFM using two
systems: For 1 um x1 um a Nanosurf, EasyScan2, and for 3 um x3 um a MFP 3D AFM System from
Asylum Research. The images with the EasyScan2 were taken in tapping mode using a Tap190
cantilever (Budgetsensors, Bulgaria) with a nominal frequency of 190 kHz. The MFP 3D AFM was
operated in intermittent contact mode using SSS NCHR AFM probes from APPNano with a typical
tip radius below 2 nm. The AFM topography and particle size distribution data were visualized and
analysed using the Gwyddion 2.40 software [10].

3.4.2. Kelvin probe force microscopy (KPFM)

KPFM, also known as surface potential microscopy, was proposed by Nonnenmacher in
1991 [26]. It is a technique based on noncontact AFM that allows the investigation of topographic
images in combination with spatial surface potential images and electrical properties at the
nanometer-scale [26-27]. KPFM was originally developed to measure work function differences or
contact potential difference (CPD) variations between a conducting AFM tip and a metallic sample,
but nowadays the technique has been extended further to semiconductors [28-29], and
insulators [30]. The cantilever in the AFM is used as the reference electrode to form a capacitor
with the surface. Figure 3.5 shows the energy band diagram illustrating the working principle of
the Kelvin probe technique.
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Figure 3.5 Energy band diagram illustrating working principle of Kelvin probe technique.

The work functions of the tip and the sample are &t and ¢s, respectively. When tip and
sample are brought into contact, a net electric current would flow from the one with lower work
function to the one with higher work function until the Fermi energies are aligned. The
established potential between the work functions of tip and sample surfaces is called the CPD
(Vepp). Then, an external bias (Vpias) is applied between the tip and the sample to compensate
electrostatic force between tip and surface (Fe) and align their vacuum level (Eyac). As the
electrostatic force reaches zero and two vacuum levels are aligned in the same level, the external
potential (Vpias) is equal to the CPD (V¢pp), Which is equivalent to the CPD between the tip and
sample (Prip-Psample) [31-32]. The relationship between Fej, Vpias, Vepp, Prip, and Psample Can be
briefly described in Equation 3.4:

Fey =0 <=> Vpias = Vepp = %ﬁample (3.4)

where e is the elementary charge .

A general KPFM operating system is shown in Figure 3.6. A voltage, which consists of an
AC voltage Vuc sin(wt) at the frequency w with a DC offset bias Vpc, is applied between tip and
sample to generate an electrostatic force between the tip and the sample, as shown in Figure 3.6
and Equation 3.5 [31-32]:

Viip = (Vpe — Vepp) + Vyc sin(wt) (3.5)

where Vy, is the applied tip voltage between tip and surface, Vac a sinusoidal voltage modulation
at the excitation frequency (w), and Vpc a backing voltage controlled by the bias feedback loop.
The electrostatic force between two surfaces is described by Equation 3.6:

1dcC
Fep =EEVtip2 (3.6)

where C is the capacitance, and z the direction normal to the sample surface. The deflection of
the cantilever by an electrostatic force is detected by a photodetector and a lock-in amplifier is
used to detect the cantilever oscillation at w. The signal is then transferred to a feedback
controller. By adjusting the dc offset bias Vpc until the electrostatic forces between the tip and the
sample become zero and thus the response at the frequency w also becomes zero. The intended
potential, CPD, is obtained [31-32].
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Figure 3.6 A general KPFM operation system.

In this thesis, KPFM was utilized to observe surface potential homogeneity of HTLs. Local
CPD maps of 3 um x 3 um areas were measured by KPFM using the MFP3D system with Pt coated
ACCESS EFM probes from APPNano. The CPD data were analyzed by the Gwyddion 2.40 software.
Surface CPD distribution maps of SC pixels (4 mm x 1.5 mm) area were investigated by the
SKP5050 Scanning Kelvin probe (KP Technology Ltd.) [10].

3.4.3. X-ray photoelectron spectroscopy (XPS)

Photoemission spectroscopy (PES), also named as photoelectron spectroscopy, is a
technigue that measures electronic structure and kinetic energy of photon excited electrons
emitted from a sample surface through the external photoelectric effect to detect the binding
energies of electrons in the material [33]. The photoelectric effect is a phenomenon describing
electron emission from a substance after light absorption. PES can be utilized to probe the energy
levels of electrons, the properties of chemical bonding and electron motion of the material. The
PES technique is classified into different types depending on the provided ionization energy, a
X-ray photon (XPS), an ultraviolet photon (UPS), or an EUV photon [33]. The major difference of
XPS and UPS technique is that XPS uses higher energy mono-energetic Al Ka or Mg Ka as X rays
source with an energy of 1486.6 eV or 1253.6 eV, respectively and UPS utilizes a much lower
energy source, He(l) or He(ll) lamps with energies of 21.2 eV or 40.8 eV, respectively [34].

The principle of the PES technique and its corresponding band structure are shown in
Figure 3.7. When the photon energy (hv) is greater than the electron binding energy (Eg) of the
sample, a photoelectron is emitted from the atom and transported to the surface with a kinetic
energy (Ey) [33]. During the process, all of the photon energies are absorbed, one part is used to
free the electron from the atom, and the rest goes into the electron's kinetic energy as a free
particle. An electron energy analyzer is utilized to measure the energy of the emitted
photoelectrons. By fixing the incident photon energy (hv) and observing the velocity or kinetic
energy (Eyx) of excited photoelectrons, the density of states at a fixed binding energy (Eg) of
electrons in the sample can be obtained [34-35], as shown in Equation 3.7:

where ¢ is the work function induced by the analyzer and can be compensated artificially. For the
analysis, owing to hv and ¢ are the known values, Eg can be determined as Ey is experimentally
observed.
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Figure 3.7 The principle of the photoemission spectroscopy technique and its corresponding band
structure [35].

XPS is also known as electron spectroscopy for chemical analysis (ESCA). This technique is
widely used for the surface analysis to identify the elementals and the chemical state of the
material, relative composition of the constituents, and the valence band structure from the
observed binding energy and intensity of a photoelectron peak [36]. The light source of
monochromatic X-rays such as Al Ka is produced by bombarding an Al target with high energy
electrons. These higher energy incident photons hit the sample surface in a high vacuum
environment, allowing the ejection of core-level electrons from the sample atoms. The electrons
are emitted from their initial state with a kinetic energy dependent on the incident X-ray and
binding energy of the atomic orbital. Owing to the small mean free path y (order of 1 nm) of the
emitted electrons and considerable energy loss, only photoelectrons out of the first 10 nm may
leave the surface and be observed as photoelectrons [37]. The photoelectron peaks are
corresponding to a particular core level of an element. By observing shifts in the binding energy
of a specific orbital for an atom, the chemical structures of the material can be identified [37].

In this study, XPS measurements were performed on a commercial spectrometer (HR-XPS,
SPECS Surface Nano Analysis GmbH), using monochromatic Mg K, radiation (hv=1253.6 eV) [10].

3.4.4. Ambient pressure photoemission spectroscopy system (APS)

APS is a photoemission technique from the company KP Technology Ltd. The technique
uses a Kelvin probe to detect electrons and atmospheric ions ejected from metallic surfaces (Au,
Ag, Cu, Fe, Ni, Ti, Zn, Al) upon illumination by a deep ultra-violet (DUV) light source in air [38]. This
APS system has a broad excitation range of 3.4-7.0 eV, which enable it to investigate the absolute
work function of metals and the ionization potential of semiconductors [39]. This technique works
by the combination of the Kelvin method and the photoelectric effect to detect absolute work
function values of materials in air atmosphere [38]. Figure 3.8 shows the schematic diagram of
the APS system. A chamber consists of a DUV lamp (D,), motorized spectrometer and DUV optical
filter arrangement to generate a tuneable 3.0-7.0 eV beam. A second tunable visible source lamp
and spectrometer are applied for surface photovoltage measurements. B Chamber is equipped
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with a vertically mounted Kelvin probe, which is utilized to detect both photoemission and CPD

measurement modes. Vy, is the tip bias potential [38].

Kelvin Probe

DUV Lamp —{Spectrometer 1

Vis. Lamp —|Spectrometer 2 — S

J Sample Stage I

Digital Controller Signal Processing
A B KP Controller

Figure 3.8 Schematic showing the setup of ambient photoemission spectroscopy [38].

In this APS system, the photoelectron emission and ion-current detection process consist of a

four-step process, as shown in Figure 3.9 [38].

1. Exposure of DUV photons: DUV photons are absorbed in the sample surface. After exiting the
material, photoejected electrons are affected by the image force (IF) between the positively
charged Kevin probe and the negatively charged sample. The IF extends to approximately 30 nm
from the sample surface, further away from this range the electrons are scattered by atmospheric

molecules and external electric fields.

2. Photoejected electrons form an electron cloud about 1-3 um from the sample surface (Z=0)
[42]. In this region atmospheric ions such as N, and O, ~ are created.

3. lons drift toward the positively biased (+10 V) Kelvin probe tip in the electric field.

4. The obtained ion current is recorded as a function of incident photon energy (Epn) [38]. No
current appears when the photon energy is below the work function threshold energy (¢), and
the current increases with (Epp - )" with N= 1/2 for metal and N=1/3 for semiconductor as it gets

above the threshold energy [40-41].

In this thesis, the absolute work functions of different HTL materials were obtained by Ambient
Pressure Photoemission Spectroscopy System (APS) (APS02, KP Technology Ltd.) [10].
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Figure 3.9 Schematic energy band diagram of ambient pressure photoemission system. LDOS
represents the local density of states and IF the image force [38].
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3.4.5. Spectroscopic ellipsometry (SE)

SE is a non-destructive optical metrology technique widely used for analysis of thin films
properties of a material, including refractive index (n), extinction coefficient (k) and thickness by
characterization of light reflection or transmission from the sample [42]. SE technique works by
measuring the changes in intensity and phase polarization of light upon reflection or transmission
from the surface of a thin film material. A typical ellipsometer equipped with various optical
elements includes a source of collimated unpolarized light, a polarizer, an analyzer, and a
photodetector. The polarizer and analyzer are employed to extract linearly polarized light from
unpolarized light [43]. A schematic of an ellipsometer is demonstrated in Figure 3.10.

5 5
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Polarizer Sample Analyzer — v

' Light source Detector

Figure 3.10 Schematic of a spectroscopic ellipsometer [43].

Light is generated from a discharge lamp which consists of multiple wavelengths in the
ultraviolet-visible (UV-Vis) to the near IR region. After light passes through a monochromator, it
becomes a single wavelength light. This light is then passed through a polarizer to be rotated to
the polarized light with specified polarizations (s- and p-polarizations). P- and s-polarized light
waves are irradiated onto a sample at the Brewster angle [43]. Brewster's angle is a specific angle
of incident light that produces a 90° angle between the reflected and the refracted ray [44]. Upon
light reflection on a sample, p- and s-polarizations perform different changes in amplitude and
phase due to the difference of electric dipole radiation [43]. Then the polarized light is
transmitted through the film and reflected off from the substrate. Finally, the reflected light
passes through the analyzer, and the intensity of the light is then measured by a detector.
Thereby the optical constants and the film thickness of the sample can be determined.

For the ellipsometry analysis, an incidence angle is chosen for the maximum sensitivity of
the measurement. By varying the incidence angle and the wavelength of light, the two
ellipsometric angles (U, A), which represent the phase difference (A) and the amplitude ratio of
polarization (W) between the incident and reflected light of p- and s-polarizations can be
measured ( see Equation 3.8 and 3.9) [45]. The two ellipsometric angles (), A) are relevant to the
ratio of the amplitude reflection coefficients for p- and s-polarizations, Rs and Rp, respectively.
Equation 3.10 shows the relationship between two ellipsometry parameters ({, A), the
reflectance ratio (p), and the reflection coefficients, Rp and Rs at the interface [45].

tan¥ = Rp (3.8)

Rs
A =8,—6s (3.9)
p= };—p = tan(y) e (3.10)

44



The complex refractive index (N), where N = n+ ik, where n is the refractive index and k is the
absorption index, can be determined by the Fresnel equations [46], as shown in Equation 3.11
and 3.12:

__ (N1c0s8;—N,cos0;)

Rs =
(N1cosO+N,cosb;)

(3.11)

__ (Npc0s0;—N;cos0;)
- (N1cosO¢+Nycos6;)

Rp (3.12)

where N; and N, are the complex refractive index of the incident and transmitting material,
respectively, and 6; and 6; the incidence and transmission angle. 6;can be calculated from the
incidence angle 6; by Snell’s law, as shown in Equation 3.13 [43,46]:

N;sinf; = N,sin6; (3.13)

In general, SE is not able to directly determine the thickness or optical properties of a
material by the experimentally obtained results. The data analysis of SE requires an optical model
that approximates the layer structure of the sample and defines its optical constants and layer
thicknesses. A Si layer is widely used as an underlying substrate and a thermal oxide layer, native
SiO, as a top layer. A Cauchy model can be applied to determine the optical coefficients and
thickness of the sample [47]. The Cauchy refractive index model with the assumption of no
absorption is shown in Equation 3.14. By adjusting the model parameters (A, B, C, and layer
thickness) to minimize the fitting error, the refractive index and film thickness of the specimen
can be obtained.

B C
nA) =A+5+5 (3.14)
where A, B, C are calculated fitting coefficients and A is the wavelength.

In this study, the thickness of the MoQOs and PEDOT:PSS films was determined by variable
angle SE (M-2000 V, J.A. Woolam). The measurements were performed at three different angles
(65°, 70°, and 75°) in the wavelength range of 200-1000 nm under the three-layer optical model,
the Si substrate, the native SiO, layer (1.7 nm), and the film bulk layer were determined by the
Cauchy function [10].

3.4.6. Profilometry

Profilometry is a technique utilized to determine the thickness and surface topographical
features of the sample. There are two types of profiler, stylus and optical. Stylus is a contact
mechanical profilometer which physically moves a probe along the sample surface to detect the
surface features [48]. Figure 3.11 shows a schematic set up of a stylus profilometer. A diamond
stylus moves vertically (Z) in contact with a sample and then moves laterally (X,Y) across the
sample with specified constant contact force between tip and surface [49]. A feedback loop is
utilized to maintain the arm with a specific amount of torque on it and keep the constant force
between the sample and the probe [48]. The deflection of the stylus tip is detected by a
displacement sensor, and then the surface variations as a function of position can be determined.
The stylus profilometer can detect specimens with vertical features between 10 nm to 1 mm. The
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resolution is controlled by the scan speed and data signal sampling rate [49]. However, this
technique is sensitive and destructive to soft surfaces, and the probe can be contaminated by the
specimen due to the direct contact between the tip and the sample surface. Optical profilometry
is a non-contact technique, using the light source to replace a physical probe [48]. It improves the
possibility to detect the surface in 3D dimension and prevents the damage of the sample.

In this thesis, the stylus profilometer, Dektak Il Profilometer was applied to observe the
thickness of polymer active layers.

v

= 4

Figure 3.11 Schematic set up of a stylus profilometer.

3.4.7. X-ray powder diffraction (XRD)

XRD is a non-destructive analytical technique, utilized to determine the crystalline phases,
crystal structure, and atomic spacing, chemical composition and physical properties of crystalline
compounds for powders or thin film samples [50]. XRD works by hitting a focused monochromatic
X-ray beam to the sample at varying incident angles. X-ray is filtered by foils or crystal
monochromators to produce a monochromatic X-ray radiation which is collimated to a single
direction before hitting the crystal sample. Copper is the most commonly used target material for
the single crystal diffraction, with CuKa radiation = 1.5418A [51]. After the X-ray beam
bombarding a sample at selected incident angles, diffraction occurs when the light is scattered by
a periodic array with long-range order. At the specific wavelength and angle of the incident beam,
the geometry of the X-ray system satisfies the Bragg law, as shown in Equation 3.15 [52], leading
to constructive interference and intense peaks of reflected radiation. The diffraction is known as
Bragg diffraction, as shown in Figure 3.12 [52] and the observed intense peaks are the Bragg
peaks.

nA = 2dsinf (3.15)

where d is the spacing between diffracting planes, 6 the incident angle, n an integer, and A the
wavelength of the beam.
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Figure 3.12 Schematic diagram of Bragg diffraction [52].
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Figure 3.13 shows a schematic diagram of a diffractometer using the Bragg-Brentano
geometry [53]. The diffraction vector (s) is normal to the sample surface and bisects the angle
between the incident and scattered beam. The detector and the sample are both rotated so that
the detector can collect the diffracted X-rays at 2w as the incident X-ray beam hits the sample
surface at the angle w. This geometry gives a great combination of peak shape, intensity, and
angular resolution for a wide variety of materials [53].

X-rays / Detector

Figure 3.13 Schematic diagram of a diffractometer using the Bragg-Brentano geometry [53].

XRD works only on materials where the atoms are arranged in a periodic array in the crystal
for the diffraction of light. X-Ray diffracts differently and produces different diffraction patterns
with various crystal structures of the samples. By comparing the peak shapes and the intensities
of the sample collected during XRD analysis with the standard reference patterns, the crystalline
form of the specimens can be identified. In contrast, the amorphous materials such as glass do
not have a periodic array with the long-range order so that they do not produce a diffraction
patterns.

In this thesis, XRD was used to determine the identity of synthesized MoOs HTL materials.
The XRD profiles were obtained on a Siemens D 501 diffractometer in Bragg—Brentano geometry
using CuKa radiation (A= 1.54178 °A) and a graphite monochromator at the secondary side. Data
were fitted using EVA X-ray diffraction analysis software [10].

3.4.8. Raman spectrometers and microscopes

Raman spectroscopy is a nondestructive technique utilized for quantitation and chemical
and structural identification of materials based on their molecular vibrations [54]. The vibrational
modes of a molecule are relevant to the atomic mass of the atoms, the orientation of the atoms
and bonds, the bond order and hydrogen bonding [55]. Each mode is triggered by a certain
frequency, mostly in the infrared region of the spectrum. Raman spectroscopy relies on the
inelastic scattering of monochromatic light upon interaction with a sample. Figure 3.14 illustrates
a schematic diagram of a Raman analyzer and its basic principle. As a monochromatic light hits
the sample, it scatters in all directions after the interaction with the molecules in the sample.
Most of the scattered radiation has the same frequency (vo) as the incident light source, which is
known as Rayleigh or elastic scattering. Only a small fraction of the scattered light (ca. 10°® times
the incident light intensity) has the frequency (vy) different from the frequency of the incident
light, which is inelastic or Raman scattering. Raman scattered light is shifted to a higher or lower
energy than the incident photon by the energies of molecular vibrations.
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Figure 3.14 Schematic diagram of a Raman analyzer and its basic principle.

The higher or lower frequency of scattered light than incident light leads to Anti-Stokes or
Stokes Raman scattering, respectively, as shown in Figure 3.15 Rayleigh scattering releases the
same photon energy as incident light. Stokes scattering occurs when the molecule is excited from
the ground state (Eg) by the incident photon and results in a molecule at a higher energy state
(Eo+hvy). Some incident photon energy is absorbed by the sample molecule to excite the
molecule to a higher energy state, and the rest energy is emitted as a photon with reduced
energy, which is known as Raman photon [55]. The energy of the Raman photon is equal to the
difference between the incident light and the energy absorbed by the molecule. Anti-Stokes
scattering occurs when a molecule in a vibrational state (Eg+hvy) obtains the energy from the
incident photon, decaying to a lower energy level, ground state (Eq), with the corresponding
emission [55]. Hence, Anti-Stokes scattering is often used to detect fluorescing samples [56].
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Figure 3.15 Energy transitions for Rayleigh and Raman Scattering of Raman Spectroscopy.

Figure 3.16 shows the schematic setup of Raman spectroscopy. A monochromatic laser
beam shines on the sample, originating a scattered light after the incident light interacts with the
molecules. The scattered light is filtered to remove the incident laser wavelength, and then the
remaining light is focused on a dispersive spectroscopy to separate the different energies of light
before it is collected by the detector.
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Scattered light
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Raman scattered light

Diffraction
grating

Spectrum - -
Detector
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Figure 3.16 Schematic diagram of Raman spectroscopy.
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The Raman microscope couples a standard optical microscopy with a Raman spectrometer
[57]. Since traditional Raman spectroscopy allows only one spectrum measurement in one scan,
the development of the Raman microscope has extended the ability of this technique to the
spatial measurement of chemical compositions and structures over the whole specimen area or a

3D sample.

In this thesis, Raman measurements were performed with a Horiba Jobin Yvon LabRam
800 HR spectrometer equipped with a 1024 x 256 CCD (Peltier-cooled) and an Olympus BX41
microscope. All scans were performed using a laser wavelength of 532 nm (50 mW), an x50
Olympus LMPlanFLN (N.A. 0.5) objective and a 300 |/mm grating (spectral resolution of 3 cm™).
Spatial Raman spectroscopy characteristics for point-to-point analysis were investigated along 100
Km scanning area with 2 um step size for PEDOT:PSS, and with 4 um for MoOs-1 and Mo0Os-2 [15].

3.4.9. Ultraviolet-visible (UV-Vis) spectroscopy

UV—vis spectroscopy is a technique based on the measurement of the absorption or
transmission spectra of specimens in the wavelength range of UV-Vis spectral region to determine
optical properties of the material. UV and visible radiation can interact with molecules, causing
electronic transitions to promote the electrons from the ground energy state (Eg) to an excited
energy state (E;), as shown in Figure 3.17 [58].

Energy

Nuclear Coordinates

Figure 3.17 Schematic energy diagram based on Franck—Condon principle [58].

By measuring the spectrum of an unknown material, the molecule can be identified from the
characteristic electronic transitions. In ordered molecule structures further transitions occur by
vibronic coupling of the rings's C-C stretching and show in the absorption spectrum as a
substructure in the absorption with characteristic distance, as shown in Figure 3.18 [58]. When
the incident light is absorbed in the sample, the excess energy higher than the bandgap of the
material leads to excitation to a higher vibrational energy level. The material with higher
crystallinity shows stronger vibrational transitions for the measure of the structure of materials.

49



The increased crystallinity of a matter leads to a red-shift of the absorption spectrum due to the
decreased band gap of the material. Thereby the peaks in the spectrum can depict the crystalline
property of a matter.

Figure 3.18 Schematic absorption and fluorescence spectra refer to different electronic transitions
[58].

UV-Vis Spectroscopes are equipped with two light sources, usually a hydrogen lamp for
the UV region and a tungsten lamp for the visible region, a holder for the sample, a diffraction
grating monochromator, and a detector. Figure 3.19 shows a schematic diagram of a simple
absorption spectrometer. The technique works by shining a monochromatic light on the sample
and recording the transmitted light by a detector. The absorption for the given wavelength can be
calculated from the value of the transmitted light.

Monochromator

-~ = N Yy

Entrance Grating Exit Sample Detector
slit slit

Figure 3.19 Schematic diagram of a simple absorption spectrometer.

Under the assumption of neglected reflection, the transmittance (T) of the sample is calculated
by using the relationship in Equation 3.13.

_ 1@
T =155 (3.13)

where T(A) is the fraction of light transmitted at wavelength A, Ig(A) the intensity of the incident
light transmitted through the blank, and I(A) the intensity of the light transmitted through the
sample.

The absorbance (A) of the sample can be calculated from the transmission, as shown in Equation
3.14:

AQ) = ~logs (£5) = ~10gso(T(A)) (3.14)

The absorbance of a solution is commonly utilized to determine the concentration of an absorber
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in the solution according to Beer-Lambert law [59], as seen in Equation 3.15:
o (I _
A = —logyp (Io(/l)) = ¢lc (3.15)
where € is the molar absorptivity (L mol*cm™), | the sample path length (cm), ¢ the concentration
of the solution of the absorbing species (mol/L).

Since the absorption process can measure the energy difference between the ground
state and the excited state of the atom or molecule as electromagnetic radiation is absorbed, the
optical bandgap of the absorbing semiconductor can be roughly estimated from its absorption
spectra. The most common and easy method to approximate the bandgap is the estimation by
the onset wavelength of the absorption spectrum from the low energy side, as shown in Figure
3.20. By intersecting the two slopes in the spectrum, the onset wavelength is obtained. The
energy value of the bandgap can be calculated from this onset wavelength (A) by the Planck
relation, as shown in Equation 3.16 or 3.17:

hc
ED) = 7om (3.16)
E(eV) — 1239.84;1;7)6V nm (3.17)
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Figure 3.20 Method for bandgap approximation by the absorption spectrum.

In this work, the absorption and transmission spectra were recorded with the UV-VIS
UV1800 spectrophotometer by Shimadzu. UV-Vis optical absorbance spectra of the P3HT:PCBM
active layers were recorded between 300 and 800 nm, using a Shimadzu UV-1800 UV-Vis
spectrophotometer [17].

3.4.10. Fluorescence

Fluorescence is a type of photoluminescence (PL), which describes the emission of light
from a material after the absorption of electromagnetic radiation. Fluorescence occurs when an
electron of a molecule returns to its electronic ground state from an excited state and loses its
excess energy by emission of a photon [60]. It is complementary to the absorption spectroscopy
since the fluorescence records the transitions from the excited state to the ground state but the
absorption detects the transitions from the ground state to the excited state [56]. Figure 3.21
shows the Jablonski diagram displaying the energy states of a molecule relevant to the photon
absorption and fluorescence emission.
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Figure 3.21 The Jablonski diagram displays the energy states of a molecule.

The Fluorescence process consists of the photon absorption by the fluorophore, the
creation of an excited electronic singlet state (S,'), partial energy dissipation due to the internal
conversion or vibrational relaxation, and fluorescence emission from a relaxed singlet excited
state (S;) to the ground state (Sp) [61]. Between excitation and emission, not all the molecules
excited by absorption return to the ground state via fluorescence emission due to some energy
loses during the relaxation processes. Non-radiative relaxation may occur, leading to the
dissipation of excitation energy as heat or fluorescence quenching through the interaction with
another molecule, such as O, [62]. Excited molecules can also relax through conversion to a
triplet state, which may consequently relax to the ground state by phosphorescence [62]. Owing
to the energy dissipation within the lifetime of the excited state, the emitted light has a lower
energy and longer wavelength than the absorbed radiation, which is known as the Stokes shift.
Thereby the emission spectrum usually produces a red-shifted spectrum compared to the
excitation spectrum, as shown in Figure 3.22 [63].
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Figure 3.22 Schematic diagram of absorption and emission spectra of Rhodamine 6G [63].

The fluorescence quantum yield is utilized to determine the fluorescence efficiency. The
quantum vyield (@) is defined as the ratio of the number of fluorescence emitted photons by the
sample (ng) to the number of absorbed photons (n,), as shown in Equation 3.18 [60]:

¢ =-E (3.18)

na

In this study, Fluorescence is used to observe the effectiveness of the excited charge
separation at the interface between donor and acceptor, leading to changes in the Fluorescence

52



spectrum of the active layer after exposing the OPV to different environmental conditions.
Fluorescence spectra were acquired on a Fluorolog3 spectrofluorometer (Horiba Jobin Yvon)
equipped with a near-infrared-sensitive photomultiplier R2658 from Hamamatsu (300-1050 nm).
The excitation wavelength was 530 nm. The absolute luminescence quantum vyields were
determined using an integrating sphere from Horiba [17].

3.4.11. llluminated and dark current density—voltage (J-V) characteristics

The most fundamental technique for evaluation of SC performance is the J-V characteristic
of the device. The light J-V analysis process includes shining light on the device, sweeping the
external voltage, often in the range -1 to +1V by a source meter across the electrodes and
recording the photogenerated current. From the obtained light J-V curve, the SC parameters such
as Vog, Jsc, FF, PCE, Ry, Rs can be calculated. For a reliable J-V characteristic, the measurement is
required to be performed under standard test conditions (STCs). The standardized test allows the
comparison of devices manufactured at different facilities. The STCs for SC testing are AM1.5 with
the intensity of 100 mW/cm? and a cell temperature of 25 °C for the terrestrial cells and AMO for
space cells. A stable light source closely matching sunlight conditions is essential for the SC
characterization. An ideal illumination source is determined according to its spectral performance,
uniformity of irradiance and temporal stability [64]. There are three classes relevant to different
elements required for an ideal solar simulator, where 'A' is the top rating an 'C' is the lowest rating,
as shown in table 3.1.

Class Spectral Irradiance Temporal Instability
Match inhomogeneity
Long Term | Short Term
A 0.75-1.25% =2% <0.5% £2%
0.6-14% <5% 2% <5%
C 0.4-2.0% <10% <10 % <10 %

Table 3.1: Solar simulator classification according to IEC 60904-9 Ed. 2.0.

For instance, a simulator with the designation ABB would have a spectral match < 1.25%, an
inhomogeneity of 2-5%, and a stability < 2% in the long term and < 5% in the short term test.

Dark J-V characteristics provide valuable information of diode properties. Dark current
under forward bias can estimate the origins of the current and different recombination
mechanisms [65]. The linear plot of the dark J-V curve does not provide much information.
However as it is plotted in the semi-log, the curve provides the crucial information about different
current transport mechanisms within the device. Figure 3.23 show the typical J-V curve with a
linear and semi-log scale plot of a SC [66]. The entire forward bias J-V plot can be distinguished
into three voltage regimes. At the low voltages region (Regime 1), the shunt region, the J-V
characteristics are primarily determined by the shunt resistance (R.,), which accounts for leakage
or shunt currents. The intermediate voltage region (Regime Il) is an exponential region, where
current is proportional to exp(eV/nKgT) corresponding to Equation 2.10. This region is significantly
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influenced by the diode ideal factor, n (usually between 1 and 2), which is relevant to the
presence of recombination currents within the device. At high voltage region (Regime lIIl), where
the current is saturated from its exponential, is mainly affected by the series resistance (R)
[67-68].

In the thesis, this method was widely used to check the device performance of SCs. The
illuminated J-V characteristics of the SCs were measured in an Ar-filled glovebox using a
computer-controlled Keithley 2636 A source meter under AM1.5 G illumination (100 mW/cm?)
from a solar simulator (Model 10,500, ABET Technologies, rated ABB) [10,15,17].
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Figure 3.23 Typical J-V curve (a) with a linear and (b) with semi-log scale plot for an organic solar
cell. [66].

3.4.12. Dark injection space-charge-limited current (DI-SCLC)

DI-SCLC is the simplest method used to determine charge carrier mobility of
semiconductors in electronic devices [69-70]. The DI-SCLC describes the behavior from the
relationship between applied voltages and collected currents in the device. To determine the
hole-mobility in the active layer of OPV with the DI-SCLC method, the active layer is usually
sandwiched between cathode and anode with high work functions, to avoid injection of electrons.
By analysis of the obtained dark J-V curve, the hole mobility in the active layer of the device can
be calculated. Moreover, this DI-SCLC can also be used on devices with standard electrodes,
under the assumption that the much higher barrier for injection of electrons into the acceptor
LUMO from the cathode compared to the injection of holes into the donor HOMO from the
anode, thereby these devices will be hole-dominated under forward bias [71]. This technique
gives a reliable estimation of the mobility of the major charge carrier within the active layer.
Therefore, the fitted mobility can be used as a measure for the hole mobility in the active layer
[71]. Figure 3.24 shows the J-V characteristics of a CP diode in (a) ideal mode without traps, (b)
real mode with traps in the device [69-70]. The J-V characteristic of an ideal diode mode shows
only two regions, one is the ohmic region and the other is the space charge region. At lower
voltages, or ohmic regime, the number of injected charge carriers is smaller than the number of
resident charge carriers, and the device performs an ohmic behavior. The current is mainly driven
by the charge carriers primarily present in the polymer so that the current is proportional to the
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applied voltage, as shown in Equation 3.19:
J =neuE = neu% (3.19)

where J is current density, n the thermal generated carrier concentration, e the elementary
charge of the electron, u the mobility of a charged particle, E the applied electric field, V the
applied voltage and L the film thickness.
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Figure 3.24 Space charge—limited current as a function of bias for an organic semiconductor in (a)
ideal mode without traps (b) real mode with traps in the devices [69-70].

As the applied voltage increases to a specific voltage or threshold voltage (V1), the injected charge
carriers are equivalent to the resident charge carriers. From the V5, the obtained current deviates
differently from its original linear path. SCLC occurs when the concentration of the injected
charge carriers is larger than the equilibrium charge carriers concentration in a semiconductor so
that the current is mainly affected by the applied bias. The pure SCLC without any traps was first
given by the Mott Gurney law, as shown in Equation 3.20 [72]:

9 v?
] = ESSOL_3 (3.20)
where U is the free carrier mobility, € the dielectric constant of the material, gy the dielectric
constant in vacuum, V the applied voltage and L the distance between the electrodes.

However, the SCLC is strongly dependent on the charge traps. The SCLC incorporated with
the Poole-Frenkel equation is further modified by Murgatroyd to address the lowering of trap the
barrier height, given in Equation 3.21 [73]:

Vi t ) 2
J = 2epge” N " Vind” (3.21)

L3

where L is the zero-field mobility, y is the field activation parameter, € is the permittivity, Vin is
the internal voltage, and L is the film thickness. In the SCLC region, the current quadratically
changes with the applied voltage (J « V3). The current is only relevant to the mobility of the
polymer without the influence of generated charge carriers. Hence, the mobility can be estimated
from this simple J-V curve. Figure 3.25(b) shows the SCLC of OPV with the traps. An intermediate
region is observed between the trap-SCLC region and trapped free space charge region, known as
trap-filled-limit (TFL) region. The charge transport of the polymer within this region is controlled
by the trapping and de-trapping of carriers at both energetic and positional distribution [69]. The
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nearly vertical rising current in TFL region is corresponding to the filling of traps by the injected
carriers from the applied bias. As the applied voltage is higher than the average energy associated
with traps density, then the polymer behaves trap-free SCLC [69]. The density of defects or trap
states can be approximated d by the onset of trap-free limit voltage V-

In this study, charge mobility of the devices was extracted by modeling the dark current
under forward bias using the space-charge-limited expression for the current density [17].

3.4.13. External quantum efficiency (EQE)

Quantum Efficiency (QE) or spectral response gives information about current generation,
recombination and collection in the SC. Spectral response is defined as the ratio of the current
output from the SC to the power input of light on the device. The QE is determined by the
number of charge carriers generated by the SC to the number of incident photons on the device.
In general, QE and spectral response are two similar techniques but in different units. The QE of
the device can be calculated from its spectral response. This relation between spectral response
S(A) and QE(A) is shown in Equation 3.22 [74]:

S = ZQE() (3.22)
where e is the elementary charge, h the Planck’s constant, and c the speed of light, S(A) in units of

AW and the QE()) in units of %.

There are two types of QE: EQE and IQE. The definition of EQE and IQE has been discussed
in the previous chapter 2.4. Figure 3.25 shows a simplified EQE setup. The working process of EQE
includes shining a monochromatic light on a SC, detecting the number of photons of incident light
by a reference photodiode and recording the number of generated electron carriers in the device.

: --k-- J— Lock-in PC
: : amplifier
Monochromator 1
Light source i Solar cell

Reference photodiode

Figure 3.25 Schematic of an EQE set up.

By shining different wavelengths of light to the device, the entire curve of the relative
current as a function of wavelength can then be established. The total area under the curve is
equal to the total number of carriers generated by the device under the full spectrum of white
light illumination. The integration of the spectra can obtain the electrical current density of the SC
under the given incident light intensity. Thereby, Jsc can be calculated by the EQE spectra
according to Equation 3.23:

Jsc = e [ EQE()®D(1)dA (3.23)

where e is the elementary charge of the electron and ¢ the photon flux at a given wavelength.
Differing from the EQE, IQE records only the absorbed light with the exclusion of photon
transmission through or reflection from the cell and absorption by the other layers.
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The spectral response of studied devices was recorded from EQE for wavelengths from 375
to 900 nm, using a 250 W white light source (tungsten halogen) with a monochromator, with a
computer-controlled Keithley 2636 A source meter and a calibrated Si photodiode [10].

3.4.14. Light-beam induced current (LIBC) microscopy

LBIC is a fast and easy technique for spatial characterization of the electronic properties of
the SCs, which allows the identification and localization of defects on the devices [75]. It has also
been widely used to study degradation effects of SCs. Figure 3.26 shows the schematic of a LBIC
measurement setup. The device is positioned on a computer controlled x-y stage, and a focused
beam of light, typically a laser, point by point scans over the pixel area of the SC while recording
the photogenerated current under the short circuit condition. The obtained result provides the
lateral distribution of photocurrent of the device in two-dimensional (XY) mapping. For the
analysis, the obtained photocurrent map is commonly normalized to the maximized photocurrent
within the device for the presentation of a better contrast variation in the LBIC image to
determine the local failure and functionality of the SC. The image resolution and accuracy of the
LBIC image is tunable depending on the beam-diameter of the focused laser and the scanning
step distance, which can differ from several hundred um to 1 um or lower.

Laser

X-Y stage
,’ controller ‘ '
Solar cell
Current
measurement

Figure 3.26 Schematic of a light-beam induced current measurement setup.

In this thesis, spatial photocurrent distribution was investigated by the LBIC technique,
scanning with a computer-controlled nanomanipulator-driven XY-stage (NanoControl NC-2-3;
Kleindiek Nanotechnik), and with excitation from the glass/ ITO side with a 532 nm laser (<5 mW)
with a focused spot-size of =2um. For spatial photocurrent mapping, local short circuit current
was scanned with a 40 um step size across the entire photoactive pixel area of 4.0 mm x 1.5 mm.
A custom-made LabView computer program drove the stages and collected the data [10,15,17].

3.4.15. Transient photocurrent (TPC) measurement

The TPC technique is utilized to investigate the charge carrier dynamics such as charge
extraction and recombination of the SC. [76-77]. This technique also reveals trapping and
detrapping of the photogenerated charges, which affect carrier mobilities and lifetimes in the
active layer, and the quality of contact between different layers in the device [78-79]. Figure 3.27
shows the simplified experimental setup of TPC via a pulsed light source. TPC analysis works by
applying a short pulse from a LED or laser light source to the device surface for the active layer
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excitation. After the excitation, the signal of photocurrent response is recorded and analyzed by
an oscilloscope in form of the voltage across a low resistance resistor. The signal is recorded
slightly after the light switching on and off and during the light illumination period. Figure 3.28
shows a schematic diagram of normalized TPC response. After the excitation pulse is switched on,
the build-up of charges in the device can be observed. The initial current overshoot or spike at the
start of the square laser pulse represents the presence of the build-up charges or trap-facilitated
recombination in the device [78]. As the light pulse is switched off, the current describes the
behavior of charge decay. A tail in the transient gives a hint about the presence of build-up
charges or charge carrier recombination in the devices. The rise (tgo) and fall times (tio) of the
device are defined as the required time to rise the photocurrent to 90% of the steady current
response and to fall to 10% of the steady current response, respectively, revealing the charge
transport efficiency of the SC (see Figure 3.28). By integrating the area under the TPC curve, the
extracted charge carrier density created by the light pulse can be obtained. In general, a TPC
setup measures the photocurrent response close to the short-circuit condition. By biasing the
external voltage across the forward and reverse bias region to the device with the TPC technique,
allows the observation of voltage-dependent charge accumulation, recombination, and transport
dynamics.
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Figure 3.27 Simplified experimental setup of a photo-induced transient photocurrent.
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Figure 3.28 Schematic diagram of normalized transient photocurrent response.

In this thesis, a 530 nm green LED (Thorlabs, M530L2) was utilized as the light source and a
300 ps square pulse from a function generator (HAMEG HMF 2550) at 1 kHz was used to power
the LED. The photocurrent of the devices was measured by an oscilloscope (HAMEG HMO 3002
Series) with an input impedance of 50 Q. For voltage-dependent photocurrent transients, devices
were connected to a computer-controlled Keithley 2636A source meter operating in DC mode
[15].
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Irreproducibility is a serious issue in thin film organic photovoltaic (OPV) devices, as smallest lo-
cal inhomogeneities can change the entire behaviour of identically built devices without showing ob-
vious failure. Inhomogeneities can occur at various steps of device preparation and appear in all
layers with different length scales and impact. The hole-transport interlayer (HTL) in OPV devices
blocks unwanted electron diffusion to the anode and corrects energetic mismatch between oxide
electrode and organic semiconductor. Most commonly used is commercial ink based on poly(3.4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) colloidal particles. However, exactly these
are suspected to cause microscopic inhomogeneities, causing known irreproducibility of device charac-
teristics. Considering PEDOT:PSS' acidity-caused electrode corrosion, it is questionable how much impact
colloids have on device homogeneity. In this report, we give proof that a colloidal HTL does not nec-
essarily cause device inhomogeneity and decreased efficiency, by comparing OPV devices with differ-
ent HTLs, namely from commercial PEDOT:PSS ink and from MoQs3, obtained from two liquid precursors,
leading to quasi-continuous or colloidal layers. With a combination of X-ray diffraction, atomic force and
Kelvin probe microscopy, photoelectron and ambient air photoemission spectroscopy, we discuss the lay-
ers’ properties from nano- to macroscale and demonstrate their impact upon implementation into OPV

devices, via spatially-resolved characterization.

© 2016 Published by Elsevier B.V.

1. Introduction

Organic photovoltaic (OPV) cells have received considerable at-
tention as a potential source of renewable energy due to their
advantages of easy fabrication, light weight, low manufacturing
cost and mechanical flexibility. Typically, an OPV device consists of
a transparent conductive indium tin oxide (ITO) anode, a donor-
acceptor bulk-heterojunction photoactive layer and a low-work-
function metallic cathode [1-4]. To enhance the collection of pho-
togenerated charges [5] and decrease leakage currents [G] a hole-
transport layer (HTL) is commonly used between ITO and the ac-
tive layer.

However, despite the fact that this type of devices reaches good
efficiencies (presently best known 11% [7]), a major problem of or-
ganic thin film diodes is the significant batch-to-batch and device-
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to-device variation. Behaviour and performance of nominally iden-
tically built devices can differ considerably and so the research re-
sults published for identical systems. It is speculated that even de-
vice sets prepared at a time by the same experimentalist show not
seldomly variations in performance of up to 10%.

Fact is that the physics of thin film diodes is naturally highly
sensitive to smallest variations due to their limited lateral exten-
sion. These can be e.g. subtle differences in height, local composi-
tion, interface or contact properties, and the presence of impurities
or grain boundaries. Such effects have been widely shown in the
past for inorganic thin film solar cells [8]. In some cases the phys-
ical processes at such inhomogeneities were considerably altered
from the expected device physics. Thereby the entire device may
show a different behaviour to others of nominally identical built
and not necessarily imply a clear device failure.

However, while organic devices are extensively studied on
the nanoscale regarding their crucial donor-acceptor domain mor-
phology, other rather microscopic variations originating from in-
homogeneities of the electrode are often neglected. The few
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publications on this topic show its relevance, as the extensive
study on organic solar cell degradation published by Hoppe et
al [9]. and on microscale inhomogeneities in organic solar cells
and modules been published by Reviére et al [10]. Both show
that the effects are versatile, originating from surface roughness,
work function fluctuations, activity/non-activity patches, grain
boundaries, agglomerate formation, delamination, chemical re-
actions. And these rather intermediate-scale effects might not
be visible via standard nanoprobing snapshots. In particular the
poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:
PSS) electrode interlayer, widely used for its high conductivity, high
transparency and solution processibility [11-12] is known to gener-
ate instability and shorter life times of devices especially at expo-
sure to humidity, due to acidity and hygroscopicity of PSS [13-14].
Additionally, originating from synthesizing the insoluble PEDOT in
presence of water-soluble PSS for better handling, [15] PEDOT: PSS
is forming gel-like colloidal particles, which consist of a PEDOT-
rich core covered by a PSS-rich shell, [16-18]. This colloidal form is
suspected to be responsible for spatial inhomogeneities and irre-
producibility [19].

Here, we suggest that the local microscopic inhomogeneities in
solar cells caused by the PEDOT: PSS hole-conducting interlayer are
independent of the colloidal film morphology. This is demonstrated
by comparison of microscopic spatial characteristics in thin film
OPV devices comprising HTLs of PEDOT: PSS and of sol-gel pro-
cessed MoO5 with either colloidal form comparable to PEDOT: PSS
or a quasi-continuous featureless layer.

It has been demonstrated in the past that high work-function
metal-oxides, such as NiO [20-21], W05 [22], V,05 [23-25]and
MoOg [5-6, 25-29] might be suitable alternatives for PEDOT: PSS,
especially MoO5, with its large bandgap between 2.9 and 3.1eV
and high work function 5.5 eV [25-26, 29-30]. In the present case,
MoOs films are conveniently deposited from solution, equal to PE-
DOT: PSS. For that purpose sol-gel processing was used, allowing
derivation of nano- to micron sized MoOs particle formulations
from liquid precursors [5-6,27-28]. Thereby the morphology,
electrical properties and surface physics of the HTLs are shown
with X-ray diffraction, atomic force and Kelvin probe microscopy,
photoelectron and ambient air photoemission spectroscopy, and
their influence on OPV device physics demonstrated, by integrated
device measurements and with spatially resolved photocurrent
maps from nano- to macroscale. The architecture of the studied
devices is shown in Fig. 1. Herein, we use a blend of poly(3-
hexylthiophene-2,5-diyl) (P3HT) and [6,6]-phenyl-Cg-butyric
acid methyl ester (PCgoBM), a well-studied standard photoactive
layer.

2. Experimental
2.1. Materials

Poly(3-hexylthiophene) (P3HT) was supplied by Rieke Metals
Inc. (My 50,000-70,000gmol!, regioregularity 91-94%). [6,6]-
Phenyl-Cg; -butyric acid methyl ester (PCggBM) was purchased from
Nano-C Inc. {99.5% purity). The formulation of poly(3,4 ethylene-
dioxythiophene): poly(4-styrenesulfonate) (PEDOT: PSS) was pur-
chased from Heraeus Deutschland GmbH & Co. KG (Clevios P
Jet (OLED)). Ammonium molybdate (NH4);MoO4 (=99.98%) was
purchased from Sigma Aldrich. Hydrochloric acid HCl (=37%)
and bis(acetylacetonato)dioxomolybdenum(VI) (MoOj(acac),) were
bought from Sigma-Aldrich. Isopropanol was purchased from VWR
International LLC. All the materials were used as received. [TO sub-
strates (20 Q/square, Ossila) were cleaned by sonication in acetone
and isopropanol and followed by O;-plasma etching (100 W for
30 min) briefly before use.
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~ # PEDOT:PSS (40 nm)
# MoO;-1 (continuous, 10 nm)

Fig. 1. Device architecture of the studied solar cells, with according layer thick-
nesses noted.

2.2. Preparation of the MoO3 and PEDOT:PSS HTLs

Two different MoO5 precursor formulations were used. The pre-
cursor leading to continuous films (Mo03-1) was synthesized as
follows: MoO3 solution was prepared according to the procedure
reported by K. Zilberberg et al. [27]. Here, MoO;(acac); was dis-
solved in isopropanol to form a 0.5% (w/v) solution. The precursor
formulation resulting in nanoparticle films (M003-2) was prepared
by hydration method in aqueous solution as reported by Liu et al.
[G]. Here, (NHg);MoOy4 was dissolved in distilled water to form a
0.005 mol/L solution. Then 2 mol/L aqueous hydrochloric acid (HCI)
was added drop-wise under stirring until the pH value of the so-
lution was between 1 and 1.5. MoO3 precursor formulations and
PEDOT: PSS, were both filtered by 0.22 pym PVDF membrane filters
(Sigma Aldrich) and spin-coated onto ITO substrates at 4000 rpm
for PEDOT: PSS and 3000 rpm for MoOs for 40 s, respectively. The
layer of Mo0O3-1 was kept at ambient air for 1h for hydrolysis at
room temperature and then annealed at 160°C for 20 min. The
Mo0s3-2 film was directly annealed at 160°C in air (20 min). The
PEDOT: PSS anode buffer layers were annealed at 160 °C for 20 min
under Argon (Ar) flow.

2.3. Device fabrication

Solar cells with P3HT: PCBM active layer according to the archi-
tecture in Fig. 1 were prepared using different HTLs based on con-
tinuous MoO3 (Mo03-1), nanoparticle MoOy (Mo03-2) and PEDOT:
PSS, or were prepared without HTL (= ITO). For the devices, where
applicable, hole-conduction layers were deposited on patterned
ITO glass substrates and treated as described in 2.2. The active
layer was applied in an in argon atmosphere by spin-coating from
a solution of P3HT and PCBM (1:1 weight ratio, each 18 mg/mL) in
70°C chlorobenzene at 2500 rpm for 60 s, followed by annealing at
120°C for 10 min. The film thickness obtained is around 150 nm.
The cathode was thermally evaporated as a bilayer of LiF (2 nm)/
Al (100 nm).

2.4. Characterization
Material structure and film morphologies were analysed

by atomic force microscopy (AFM) wusing two systems: For
Tpm x Tpm a Nanosurf, EasyScan2, and for 3pum x 3pm and
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100pm x 100 pm a MFP 3D AFM System from Asylum Research.
The images with the EasyScan2 were taken in tapping mode us-
ing a Tap190 cantilever (Budgetsensors, Bulgaria) with a nominal
frequency of 190 kHz. The MFP 3D AFM was operated in inter-
mittent contact mode using SSS NCHR AFM probes from APPNano
with typical tip radii below 2 nm. Local contact potential difference
(CPD) maps of 3 um x 3 pm areas were measured by Kelvin probe
force microscopy (KPFM) using the MFP3D system with Pt coated
ACCESS EFM probes from APPNano. The AFM topography, accord-
ing particle size distribution and contact potential difference (CPD)
data were visualized and analysed using the Gwyddion 2.40 soft-
ware.

Surface CPD distribution maps of complete solar cell pixels
(4mm x 1.5mm) area were examined by the SKP5050 Scanning
Kelvin probe (KP Technology Ltd.). Work function results were ob-
tained by Ambient Pressure Photoemission Spectroscopy System
(APS) (APS02, KP Technology Ltd.) [31] under UV light source and
ambient conditions with an excitation range of 3.3-6.8eV The
thickness of the MoOs and PEDOT: PSS films was determined by
variable angle spectroscopic ellipsometry (M-2000V, J A. Woolam).
The measurements were performed at three different angles (65°,
70° and 75°) in the wavelength range of 200—1000 nm under
three-layer optical model, silicon substrate, the native SiO, layer
(1.7 nm), and the film bulk layer by the Cauchy function. The X-
ray powder diffraction profiles were obtained on a Siemens D
501 diffractometer in Bragg-Brentano geometry using Cuy, radi-
ation (A=1.54178 A) and a graphite monochromator at the sec-
ondary side. Data were fitted using EVA X-ray diffraction anal-
ysis software. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on a commercial spectrometer (HR-XPS,
SPECS Surface Nano Analysis GmbH), using monochromatic Mg
Ko radiation (hv=1253.6eV). The illuminated current density—
voltage (J-V) characteristics of the PV cells were measured using a
computer-controlled Keithley 2636 A source meter under AM1.5G
illumination (100 mW/cm?) from a solar simulator (Model 10,500,
ABET Technologies, rated ABB). Their external quantum efficiency
(EQE) was recorded for wavelengths from 375 to 900 nm, using
250 W white light source (tungsten halogen) with monochroma-
tor, a computer-controlled Keithley 2636 A source meter and a cal-
ibrated silicon photodiode. Spatial photocurrent distribution was
scanned with a computer-controlled nano-manipulator-driven xy-
stage (Kleindiek Nanotechnik, NanoControl NC-2-3) and excitation
with a 532 nm laser (<5 mW) with a focused spot-size of =2 pm.

3. Results
3.1. Properties of the hole-transport materials and interlayers

To study the pure colloidal effects of the hole-transport inter-
layer on the OPV device homogeneity and performance, commer-
cial PEDOT: PSS was compared with two different types of hy-
drothermally grown MoO3 particles, MoO3-1 as a continuous layer
and Mo03-2 as a nanoparticle layer with a particle size comparable
with PEDOT: PSS. XRD diffraction patterns of both MoQ3 films (see
Fig. 2) show a large number of diffraction peaks, the most promi-
nent ones at 260 =9.7°, 19.5°, 25.8°, 29.4°, 35.5° and 45.5°, corre-
sponding to the (100), (200), (210), (300), (310) and (410) crystal
planes of the hexagonal MoO3 phase (JCPDS Card No.21-0569, h-
MoO3), which is predominantly present in low-temperature syn-
theses [32-33]. The intensity distribution is not completely in
agreement with the expected powder pattern according to the ref-
erence and also varies between the two film types. It can be as-
sumed that there might be a small degree of preferential orienta-
tion in the films. Only two peaks, at 260 =32.8° and 40.0°, merely
occurring in the continuous film Mo0O3-1, could not be assigned to
this MoOs phase, nor identified as another or precursor residues.
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Fig. 2. X-ray diffraction patterns of solution-processed continuous MoO;-1 (red
line) and nanoparticle (blue line) Mo0O3-2 films in comparison with the reference
pattern of hexagonal MoO; (black bars, JCPDS 21-0569). For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.
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Fig. 3. XPS spectra of different solution processed continuous Mo0;-1 and nanopar-
ticle Me03-2 film, showing the Mo 3d core level spectra with the Mo 3d 3/2 and
Mo 3d 5/2 peak doublet.

X-ray photoelectron spectra (XPS) measurements were performed
to confirm that both MoO;3 films have comparable surface chem-
istry. Fig. 3 shows detail scans of the Mo 3d core level region of
both MoOjs films showing the characteristic Mo 3dsp, (high bind-
ing energy) and Mo 3ds; (low binding energy) doublet. The dou-
blet could be fitted with two peaks, one centred at 232.7 eV for Mo
3dsjz and the other at 235.8eV for Mo 3dsp,, respectively. These
binding energies are consistent with literature values of Mo5* ox-
idation state of MoOj3 [34-36]. The thicknesses of MoOs-1 and
Mo0O3-2 films is in both cases around 10nm and for PEDOT: PSS
films around 40 nm, as measured by ellipsometry (not shown). The
absolute work function of the HTLs on ITO substrates and of bare
ITO was determined by APS [31]. Fig. 4(a) shows the according
square-roots of photoemission of the various hole-conduction lay-
ers and ITO. Their work functions have been estimated from the
offset of photoemission and found to be around 5.0 eV for PEDOT:
PSS, Mo0O3-1 and MoQs3-2 and around 4.6 eV for ITO. These results
indicate presence of equal potential steps for hole collection from
P3HT's highest occupied molecular orbital (HOMO) and transfer to
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Fig. 4. Intensity corrected normalized square-root of the air photoemission response of ITO and the different HTL films (a). Schematic energy level diagram with the
accordingly derived work functions, and energies of additional components of the OPV structure, such as the HOMO/LUMO energies of P3HT and PCBM and the work
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Fig. 5. UV-Vis transmission spectra of different HTLs.

the ITO anode for any of the three hole conductors, as depicted
in the energy level diagram in Fig. 4(b), showing the APS-derived
waork functions and reported molecular orbital energies of P3HT,
PCBM and work function of Al [6]. In the wavelength spectral re-
gion relevant for solar cells (=350 nm), the optical transmission of
the three HTLs is quite comparable with values close to 100%, as
shown in Fig. 5. Film morphology of the three HTL materials was
investigated by AFM. Fig. 6 shows AFM height images of ITO on
glass and of PEDOT: PSS in comparison with the continuous and
nanoparticle MoO5 films deposited on polished Si substrates. The
ITO surface (Fig. 6a) shows the typical multicrystalline structure
with quite high roughness of RMS =3.54 nm. The PEDOT: PSS film
(Fig. 6b) shows a colloidal structure of almost spherical particles
and considerable amount of agglomerates thereof resulting in an
apparently quite broad particle size distribution with a mean di-
ameter of 30 nm (Fig. 6e) and film roughness of RMS=10.95nm
(note: supplier gives 25 nm average size). The Mo0Os-1 film (Fig. 6¢)
is the least rough one with RMS=0.27 nm and shows the small-
est sized particles (resolution was not sufficient to determine the
shape) with a mean diameter of 6 nm and the most narrow size
distribution (Fig. 6e). Layers deposited from these particles are mi-
croscopically smooth compared to the other two materials, there-
fore in the following referred to as quasi-continuous. However,
the present dark spots in the film indicate pin holes which were
caused already during deposition by spin coating by evaporation
of the solvent. The Mo0Q3-2 film (Fig. 6d) shows spherical particles
with an average diameter of 18 nm, therewith slightly smaller than
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Table 1
Mean particle size and film roughness of different HTL materials and films
on Si and on ITO surface, as derived from AFM (Fig. 6 and Fig. 7a-d).

HTLs Mean Diameter (nm) RMSs; (nm) RMSro (nm)
ITO - - 35
PEDOT:PSS 30 1.0 1.1
Mo0O;-1 6 0.3 1.4
Mo0;-2 18 0.4 1.3

for PEDOT: PSS, also due to absence of aggregation, but shows a
broader distribution of the primary particle size (Fig. 6e) compared
to MoOs-1, which induced higher RMS=0.36 nm. A summary of
mean particle size of the materials and roughness of the accord-
ing HTL on silicon and on ITO (as described further below) can be
found in Table 1.

The appearance of these structures on a larger scale, when ap-
plied on the transparent ITO electrode can be seen from Fig. 7
showing AFM topography images of bare ITO and the different HTL
coatings on ITO substrates. Expectedly, bare ITO (Fig. 7a) exhibits
strong surface roughness with RMS of 3.5 nm, caused by its mul-
ticrystalline structure. This roughness is well-known to induce dif-
ficulties and inhomogeneities for further deposition of the organic
active layer. PEDOT: PSS is commonly used for its properties not
only as HTL but also for establishing a more flat topography on
rough ITO. In present case, with 40nm of PEDOT: PSS deposited
on ITO, the structure appears softened by the particles, leading to
a reduced RMS of 1.1 nm, but the original crystal pattern is still vis-
ible (Fig. 7b). In the case of MoOQ5 HTLs, the film thickness must be
much less than for PEDOT: PSS to avoid decreased photocurrent by
optical absorption losses [27]. Therefore, the according films have
no significant padding effect on the ITO structure, as can be seen
for MoO3-1 (Fig. 7¢) and Mo0O3-2 films on ITO substrate (Fig. 7d).
In both cases, the rough ITO surface pattern is apparent, the MoOsg
hardly noticeable at this magnification. Thereby the roughness of
ITO/MoO3-1 is with RMS of 1.4 nm still larger than for ITO/Mo0O3-
2 is with RMS of 1.3 nm, probably because the continuous film
rather replicates the underlying surface, while particles manage to
fill “valleys™ . Potential work-function fluctuations depending on a
colloidal or continuous HTL structure across the device area on the
nano- and microscale might have effects on the spatially resolved
and integral device function. This was investigated on ITO and var-
ious ITO/HTL configurations on different length scales and (where
applicable) compared to according spatially resolved photocurrent
maps of respective P3HT: PCBM solar cells with this HTL configu-
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Fig. 6. AFM topography images (1 pm x 1 pm area) of ITO on glass (a) and different HTL films on Si wafer substrates: PEDOT:PSS (b), Mo0O3-1 (continuous) (c) and Mo03-2
(nanoparticles) (d). Size distribution for PEDOT:PSS, M00O;-1 and M00;-2, as derived from AFM image particle analysis (e).

Fig. 7. 3pmx 3 um area images. AFM topography images (upper row) and the respective relative surface potential maps (bottom row) of ITO (a +e), ITO/PEDOT:PSS (b +f),

ITO/M00;-1 (continuous) (c +g) and ITO/Mo0;-2 (nanoparticles) (d +h).

ration. The nanoscale contact potential difference distribution be-
tween AFM probe and surface (Vcpp = (Psample - Prip)/ €) has been
measured by KPFM across 3 pm x 3 um areas, alongside with the
aforementioned AFM topography images. The maps in Fig. 7e-h
show the relative changes in contact potential across the surface
(for better visibility ITO scaled separately, HTLs scaled to the max-
imum change among samples). All samples show spatial inhomo-
geneities of surface potential, expectedly the strongest fluctuations
are shown by the bare ITO film (Fig. 7e), with feature sizes cor-
relating with the topographic features (Fig. 7a). The large con-
trast of the pseudo colour image, compared to any of the HTL
configurations, also indicates quite high amplitude of these spa-
tial fluctuations and found to be 50 mV, determined from maxi-
mum CPD peak-to-peak difference, which is consistent with pre-
vious KPFM measurements performed on ITO/Glass [37]. The sam-
ples with HTLs also show distinct features in the CPD maps but
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with considerably lower amplitude, being 20mV for ITO/PEDOT:
PSS, 22 mV for ITO/Mo0O3-1 and 15 mV for ITO/Mo0O3-2. In the case
of ITO/PEDOT: PSS (Fig. 7f) the CPD map shows a pattern of lighter
and darker regions, which is similar, but not entirely correspond-
ing to the associated topography (Fig. 7b), suggesting that there
are additional variations caused by non-uniform surface potential
of the PEDOT: PSS particle agglomerates themselves. The continu-
ous MoOs3 film sample ITO/MoO3-1 (Fig. 7g), does not reflect any
features from the underlying ITO topographic structure (Fig. 7c)
in the CPD map, but shows a subtle fine pattern of slightly dif-
ferent potential regions and additionally some peculiar dark spots,
i.e. localized circular areas of low potential. The latter might arise
from aforementioned pin holes in the MoOj3 thin film, which were
not even visible in the associated topography image. The fact that
these pin holes appear to have a larger dimension on ITO than in
the topography image on Si (Fig. 6b) is plausible, because the gran-
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Fig. 8. Relative photocurrent maps on the microscale (100 pm x 100 pm working area) of P3HT:PCBM solar cells without HTL (a) or with PEDOT:PSS (b), Mo0Os-1 (continuous),
(c) MoO3-2 (nanoparticles) (d). Inset shows according underlying surface potential distribution map (30 pm x 30 pm).

ular surface structure of ITO works as local seed point for solvent
evaporation. The difference between the pin holes' potential (on
ITO potential) and the MoOj5 film surface causes a nominally higher
CPD difference, than the film would have otherwise. The CPD map
of the MoOs nanoparticle film sample ITO/M00O3-2 (Fig. 7h) shows
clearly the lowest amplitude of fluctuations in surface potential
and the subtle brighter and darker areas in the film barely reflect
the underlying ITO pattern (Fig. 7d). From the results it can be seen
that the amplitude of spatial potential fluctuations is generally re-
duced if any HTL is deposited, indicating that the lacking unifor-
mity of the underlying ITO anode can be thereby greatly improved.
Further it can be concluded that the spatial variations of CPD seem
to be independent of the padding effect an HTL material has on
the underlying rough ITO structure. However, the surface coverage,
as thin as it might be, seems to play an important role, as can
be seen from the effect of pin holes for ITO/MoO3-1. The fact that
ITO/PEDOT: PSS shows the highest amplitude of surface potential
fluctuations, despite the fact that it shows neither significant pores
or reflects morphological features of underlying ITO surface or col-
loidal agglomerates, leads to the suspicion that the PEDOT: PSS
material itself is non-uniform regarding its surface properties. This
has been suggested in the past and based on observed conductivity
anisotropy, PSS segregation or agglomerate formation [17-18, 38-
39]. While photoconductive AFM allows visualization of nanoscale
photocurrent distribution, this would be clearly dominated by fea-
tures of donorfacceptor domains in the photoactive layer blend and
not allow any further conclusions on the HTL effects [40-41] . A
sub-microscale comparison of HTL surface potential with the pho-
tocurrent distribution, as derived by laser-beam-induced current
mapping, was conducted. Fig. 8 shows relative photocurrent den-
sity (J) maps of P3HT: PCBM solar cells with ITO, PEDOT: PSS,
Mo0O3-1 and MoQ3-2 with a scanning area of 100 pmx 100 pm and
for comparison a CPD map inset of equal magnification with a
scanning area of 30 pm x 30 pm. For the device with only ITO (Fig.
8a), it can be seen that the observed nanoscale inhomogeneity of
the ITO surface potential propagates also into larger scale (see in-
set) and seems to have detrimental effects on the photocurrent,
because the cell shows large regions (about half the size of the
scan area) of lower current output than in the rest of the area,
with a difference in current density amplitude between these re-
gions of about 0.5%. When any HTL is applied in the solar cell,
the surface potential fluctuations (insets) are considerably reduced
compared to ITO-only, as seen before on small scale. The device
with PEDOT: PSS as HTL (Fig. 8b) exhibits larger continuous areas
of high current output with scattered small regions of low out-
put, whereas the current amplitude between these areas changes
again by 0.5%. In comparison, the cells with continuous HTL MoQ3-
1 (Fig. 8c) and nanoparticle HTL Mo03-2 (Fig. 8d) show a very dif-
ferent pattern. Despite the fact that no significant changes in sur-
face potential are visible on this scale (insets) for either of them,
the photocurrent map shows a small scale pattern of strongly scat-
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tered regions of extremely high, medium and very low current out-
put with changes in current amplitude of 1% across the small area.
Hereby the fractions of high photocurrent output make up 40% of
the area for MoOs3-1 and 60% for MoO3-2 cells, the very low output
regions make up about 5% and < 1% of the device area, respec-
tively. The very localized regions of extremely low output for the
Mo03-1 cell might be caused by the pin hole effect which has been
mentioned earlier. All-in-all within the four conditions, the device
with the HTL of Mo03-2 has the best photocurrent homogeneity
and highest density of high-output regions, indicating that the par-
ticles of MoO3 are well distributed across the ITO, shielding its in-
homogeneities very effectively despite the small nominal thickness
and promoting efficient charge transfer at the electrode interface.
Which consequences these local effects have on the entire device
area is finally investigated in terms of photocurrent distribution on
the complete pixel area of 4.0 mmx 1.5 mm size of a P3HT: PCEM
solar cell and compared with equally large area CPD (measured by
scanning Kelvin probe) of the associated ITO/HTL configurations,
shown in Fig. 9. The bare ITO electrode (Fig. 9a), shows a very
strong gradient in surface potential across the entire area with a
maximum difference of 65.5mV in a similar range, compared to
the values from small area. For the photocurrent distribution this
inhomogeneity causes equally strong fluctuations, whereas a large
area of strong output is found in the centre of the solar cell pixel
and clearly decreasing outwards. Thereby the photocurrent density
(J) amplitude changes by 12% across the pixel area. When PEDOT:
PSS is used as HTL (Fig. 9b), the fluctuations in surface potential
across the area get much more refined and fluctuations less in-
tense with a maximum difference of only 47.4 mV. In consequence,
the photocurrent distribution of the according solar cells is much
more uniform, showing a large almost homogenous area of reason-
able but not extremely high output, with few negligible pixel edge
effects, with changes in current amplitude of only 5%. However,
there are clearly no high output areas on the PEDOT: PSS cell. The
MoO5-HTLs samples draw a different picture. ITO/MoO3-1 (Fig. 9¢)
and ITO/Mo0O3-2 (Fig. 9d) show both a similarly scattered pattern in
their surface potential distribution, comparable to [TO/PEDOT: PSS.
Thereby MoO3-1 shows still some areas of higher uniformity. The
maximum fluctuations however, are with of 55.5mV for MoO3-1
and 48.5 mV for Mo03-2, also quite similar to PEDOT: PSS. This is a
different trend than recorded on the small length scale. But though
the surface potential distribution of the three HTL configurations
on this length scale is similar, the output pattern of the solar cells
with MoO3 HTL are very different to the one with PEDOT: PSS.
The photocurrent of the cell with MoO3-1 shows one large homo-
geneous area of high to very high output, with photocurrent am-
plitude fluctuation of only 2%. Thereby the minor defects (spots of
low output), probably caused by aforementioned pin holes, were
neglected. The MoO3-2 cell, shows equal behaviour, but without
defects, showing one large homogeneous area of high to very high
current output, again with a maximum change in amplitude of 2%.
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Fig. 9. Large area surface potential (CPD) contrast of ITO/HTL films (left) and relative photocurrent map of according P3HT:PCBM solar cell pixel (right) for the configurations:
bare ITO (a), ITO/PEDOT:PSS (b), ITO/M00Os-1 (c) and ITO/M003-2 (d). 40 mm x 1.5 mm scan area.

e 60
a NE 10° —a—PEDOT:PSS b
] 1 —o=Mo0O,-1 504
E 104.! —a—M00,-2
| TO 40
£10° -
: ] 30
s 10°4 y
8 107 W 20{ —e—PEDOT:PSS
S ~=—Mo00,-1
i 10°] 101 ——Mo0,2
S 100 - 01, bl v . -
-1.0 0.5 0.0 0.5 1.0 400 500 600 700 800
Voltage (V) Wavelength (nm)
_. 00 = 0
C % —=—PEDOT:PSS d g —e—PEDOT:PSS
S —=—M00,-1 < .24{==—Mo0;1
._E, =—tM00,-2 ~E- —+—Mo00,-2
20-1{——1T0 E- 44 _ 1o
2 5
£ =
5021 £ 8
% 2-10-
& .0.34 v v ' v *2 e
0.0 0.1 0.2 0.3 0.4 0.5 00 01 02 03 04 05 0.6
Voltage (V) Voltage (V)

Fig. 10. Electrical performances of the OPV devices with only ITO and with different HTLs. J-V characteristics in the dark (a). EQE (b) and J-V characteristics under monochro-
matic 550 nm illumination (c) at low light intensity of ~3.5 mW/cm?. |-V characteristics under simulated solar illumination according to AM1.5G (d).

3.2. Device performance of solar cells

The integrated solar cell characteristics of P3HT: PCBM devices
with the different electrode/HTL configurations ITO, ITO/PEDOT:
PSS, ITO/Mo0O3-1 and ITO/Mo0O3-2, have been determined by stan-
dard methods, to confirm the findings from the area sensitive char-
acterization. Fig. 10a shows a semi-logarithmic plot of the dark cur-
rent density of the four systems. The device with only ITO shows
clearly the largest leakage current, roughly one order of magni-
tude higher than the device with PEDOT: PSS. The two MoOj3 sys-
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tems are located in-between, with about half an order of magni-
tude lower leakage current than for the ITO-only device. At higher
forward bias, all four devices show an identical character, which
can be expected as this part is dominated by bulk charge trans-
port in the active layer, which is the same for all devices. Also the
spectral response of the device is mostly determined by the active
layer, as visible from the identical shape of the external quantum
efficiency (EQE) of the devices shown in Fig. 10b. Its amplitude
however, differs slightly between the four cells, with the highest
value for ITO/PEDOT: PSS with 57% EQE and the lowest for ITO
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Table 2
Summary of photovoltaic parameters of OPV cells with only
ITO and with different HTLs, as derived from characteristics

in Fig. 9d.
HTLs n(% FF Voc (V) Jsc (mAfcm?)
ITO 232 0.46 0.560 9.10
PEDOT:PSS 264 0.46 0.594 9.70
Mo0;-1 3.05 0.50 0.591 10.24
Mo0;-2 3.38 0.55 0.592 10.45

with 51% EQE. As the EQE is determined by the short-circuit cur-
rent (Jsc) per wavelength, its trend correlates directly with that of
the Jsc seen in the photocurrent characteristic recorded at 550 nm
(close to the wavelength of maximum EQE) at same light inten-
sity, as shown in Fig. 10c. Also the open-circuit voltages (Vpc)
of the four cells vary, with lowest value for the ITO device with
0.440V, highest V¢ for ITO/PEDOT: PSS with 0.479V, and the val-
ues of ITO/MoO3-1 and ITO/Mo0O3-2 equal with 0.467 V in-between.
This poor Vgc of the ITO device can be easily explained by volt-
age losses at the shunts, which were confirmed by the dark cur-
rent characteristics. An additional observation is the lower rectan-
gularity of the photocurrent curve of ITO/PEDOT: PSS compared to
those of ITO/MoO3-1 and ITO/Me03-2, as visible from the lower
fill factor (FF) of 0.57 for ITO/PEDOT: PSS, compared to 0.68 for
ITO/Mo0O3-1 and 0.69 for ITO/Mo03-2. This behaviour can indi-
cate interfacial barriers for charge transfer at the electrode inter-
face or bad transport, which lead to accumulation of charges. The
fact that this is already prominent at low light intensities, as they
were used for EQE and monochromatic photocurrent measurement
(Prmonochr~3.5 mW/cm?), strongly suggests that worse performance
of the device can be expected at high light intensities, when a
higher density of charges is created in the device. Photocurrent
characteristics of the devices at high light intensities have been
recorded under simulated solar conditions, i.e. white light AM1.5G
illumination with P=100mW/cm?2, as presented in Fig. 10d. A
summary of characteristic solar cell values is given in Table 2. The
ITO device still shows the lowest Jsc and Vg compared to the
other systems, with 9.1 mA/cm? and 0.56V, respectively. Main rea-
son for that is the unfavourable potential barrier between ITO and
P3HT (Fig. 4b). With 9.7 mA/cm?, the ITO/PEDOT: PSS device ex-
hibits a considerably lower Jsc than ITO/Mo03-1 with 10.3 mA/cm?
and ITO/Mo03-2 with 10.5mA/cm2, while their Vgc is identical
with 0.59V. As predicted, ITO/PEDOT: PSS exhibits an even more
decreased FF at this light intensity of 0.46, similar to that of the
ITO device. Both MoO3 systems show higher FF of 0.50 for MoO3-1
and 0.55 for MoO3-2. The lower value for the cell with continuous
Mo0O3-1 HTL could be caused by charge transfer issues in regions
with pin holes. Altogether, this leads to the maximum power con-
version efficiency n for the [TO/Mo0O3-2 device with 3.38%, followed
by ITO/MoO3-1 with 3.05%, 2.64% for the ITO/PEDOT: PSS and 2.32%
for the ITO device.

4. Discussion

It is obvious that the PV performance of a conventional organic
solar cell is generally greatly improved by presence of a HTL, indi-
cated by the fact that lower work function of ITO and direct con-
tact between ITO and the organic semiconductor layer P3HT: PCBM
cause charge blocking at the interface and large leakage currents
within the cell. Comparing the colloidal PEDOT: PSS as HTL with
two different MoO3-HTLs of identical physical and morphological
material properties, except for their form, continuous vs. nanopar-
ticle colloidal layer, interesting observations: Despite the fact that
a continuous layer with pin holes and a thin colloidal layer with
potential voids both should show some sort of “porosity” allowing
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effects from the underlying ITO to shine through to the surface,
the Mo0O3-2 nanoparticle HTL samples show most homogeneous
surface potential and photocurrent distribution on small length
scales, highest and most homogeneous photocurrent on the full de-
vice area, best integral device performance. The continuous MoO3-
1 HTL configuration delivered also homogeneous potential and out-
put, except for the regions with pin holes, visualized as localized
spots of potential drops and low photocurrent output and in con-
sequence slightly lower overall performance. PEDOT: PSS on the
other hand, the long-term favourite among OPV HTLs, shows in-
homogeneities in surface potential even on a very small scale, de-
spite the fact that the thicker layer (of 40 nm) is efficiently padding
the rough ITO surface (RMS 3.5 nm — 1.1 nm), indicating the vari-
ations arising from the material properties itself, e.g. aggregation,
degradation (with In migration) or excess PSS segregation at the
film surface [17,18]. In a solar cell, this effect causes patchy perfor-
mance fluctuations on a small length scale, which seem to develop
into charge transfer barriers on the large scale, as reflected in ho-
mogeneous but considerably lower output of the cells and finally
low device efficiency at standard AM1.5 G conditions. In summary,
well distributed small particles of MoO3 as HTLs in organic solar
cells lead to a better spatially uniform photocurrent distribution
and best PV cell electrical performance with an overall efficiency n
reaching 3.38%. From the presented results it can be assumed that
the two MoO3 HTLs would lead to entirely identical performance
in absence of the pin-holes. Therefore it is suggested that the fail-
ure of PEDOT: PSS device homogeneity and performance cannot be
deducted from its colloidal state or surface coverage, but rather
its chemical properties, such as PSS segregation or acidity-caused
electrode corrosion.

5. Conclusions

We compared the surface and device inhomogeneity of P3HT:
PCBM bulk heterojunction PV cells influenced by three different
solution-processed colloidal HTLs, one PEDOT: PSS, one continuous
MoO3 and one nanoparticle MoOs film, and compared them with
ITO only devices. This was supported by the comparison of the
morphology and contact potential difference distribution of HTL
layers and spatial photocurrent distribution of the OPV devices at
different resolutions from the nano- to the micrometer scale. This
has been discussed in relation to the difference in integral device
characteristics and performance between those different OPV cells.
The results showed anode film homogeneity and device perfor-
mance greatly improved by presence of any HTL. Regardless of con-
tinuous or nanoparticle layers, MoOs HTLs lead to entirely identical
performance excluding the pin-hole effect, which induced slightly
lower performance and uniformity. In contrast to the MoQs HTLs,
PEDOT: PSS HTL showed spatial inhomogeneities and device charge
transfer barriers, which may be caused by its chemical characteris-
tics. Independent of colloidal or continuous form, MoO3 proves as
a better candidate for anode buffer layers, leading to higher per-
formance, higher homogeneity, and also lower cost, in solution-
processed organic solar cells.

Acknowledgement

H.-T. C. and B.F. are grateful to the Austrian Science Fund (FWF)
for financial support (Project No. P 26066) and to Dr Anna Coclite
(TU Graz) for providing the ellipsometry measurements.

References

[1] S. Gunes, H. Neugebauer, N.S. Sariciftci, Conjugated polymer-based organic so-
lar cells, Chem. Rev. 107 (2007) 1324-1338.

[2] M.C. Scharber, N.S. Sariciftci, Efficiency of bulk-heterojunction organic solar
cells, Prog. Polymer Sci. 38 (2013) 1929-1940.



80 H.-T. Chien et al./Surfaces and Interfaces 6 (2017) 72-80

[3] C. Yu, |. Gao, ].C. Hummelen, F. Wudl, A.]. Heeger, Polymer photovoltaic cells:
enhanced efficiencies via a network of internal donor-acceptor heterojunctions,
Science 270 (1995) 1789-1791.

[4] JJ.M. Halls, CA. Walsh, N.C. Greenham, E.A. Marseglia, R.H. Friend, 5.C. Moratti,
A.B. Holmes, Efficient photodiodes from interpenetrating polymer networks,
Nature 376 (1995) 498-500.

[5] J. Meyer, R. Khalandovsky, P. Gorrn, A. Kahn, MoO3 films spin-coated from a
nanoparticle suspension for efficient hole-injection in organic electronics, Adv.
Mater. 23 (2011) 70-73.

[6] E. Liu, S. Shao, X. Guo, Y. Zhao, Z. Xie, Efficient polymer photovoltaic cells using
solution-processed Mo0O3 as anode buffer layer, Solar Energy Mater. Solar Cells
94 (2010) 842-845.

[7] M.A. Green, K. Emery, Y. Hishikawa, W. Warta, E.D. Dunlop, Solar cell efficiency
tables (Version 45), Prog. Photovolt: Res. Appl. 23 (2015) 1-9.

[8] V.G. Karpov, A.D. Compaan, D. Shvydka, Random diode arrays and mesoscale
physics of large-area semiconductor devices, Phys. Rev. B 69 (2004) 045325.

[9] BZimmermann Galagan, U. Wiirfel, M. Hosel, H.F. Dam, S.A. Gevorgyan, S. Ku-
dret, W. Maes, L. Lutsen, D. Vanderzande, R. Andriessen, G. Teran-Escobar,
M. Lira-Cantu, A. Rivaton, G.Y. Uzunoglu, D. Germack, B. Andreasen, M.V. Mad-
sen, K. Norrman, H. Hoppe, F.C. Krebs, Investigation of the degradation mech-
anisms of a variety of organic photovoltaic devices by combination of imag-
ing techniques—the 1SOS-3 inter-laboratory collaboration, Energy Environ. Sci.
5 (2012) 6521-6540.

[10] G.A. Riviére, ].-]. Simon, L. Escoubas, W. Vervisch, M. Pasquinelli, Photo-electri-
cal characterizations of plastic solar modules, Solar Energy Mater. Solar Cells
102 (2012) 19-25.

[11] Y. Cao, G. Yu, C. Zhang, R. Menon, A. Heeger, Polymer light-emitting diodes
with polyethylene dioxythiophene—polystyrene sulfonate as the transparent
anode, Synthetic Metals 87 (1997) 171-174.

[12] D. Heithecker, A. Kammoun, T. Dobbertin, T. Riedl, E. Becker, D. Metzdorf,
D. Schneider, H--H. Johannes, W. Kowalsky, Low-voltage organic electrolumi-
nescence device with an ultrathin, hybrid structure, Appl. Phys. Lett. 82 (2003)
4178.

[13] M.P. de Jong, LJ. van Ijzendoorn, M.JA. de Voigt, Stability of the
interface between indium-tin-oxide and poly(3,4-ethylenedioxythiophene)/
poly(styrenesulfonate) in polymer light-emitting diodes, Appl. Phys. Lett. 77
(2000) 2255.

[14] E. So, D. Kondakov, Degradation mechanisms in small-molecule and polymer
organic light-emitting diodes, Adv. Mater. 22 (2010) 3762-3777.

[15] S. Kirchmeyer, K. Reuter, Scientific importance, properties and growing ap-
plications of poly(3,4-ethylenedioxythiophene), |. Mater. Chem. 15 (2005)
2077-2088.

[16] G. Greczynski, T. Kugler, M. Keil, W. Osikowicz, M. Fahlman, W. Salaneck, Pho-
toelectron spectroscopy of thin films of PEDOT-PSS conjugated polymer blend:
A mini-review and some new results, J. Electron Spectrosc. Relat. Phenom. 121
(2001) 1-17.

[17] B. Friedel, T.]. Brenner, C.R. McNeill, U. Steiner, N.C. Greenham, Influence of so-
lution heating on the properties of PEDOT: PSS colloidal solutions and impact
on the device performance of polymer solar cells, Organic Electron. 12 (2011)
1736-1745.

[18] B. Friedel, PE. Keivanidis, T.]. K. Brenner, A. Abrusci, C.R. McNeill, R.H. Friend,
N.C. Greenham, Effects of layer thickness and annealing of pedot: PSS layers in
organic photodetectors, Macromolecules 42 (2009) 6741-6747.

[19] M. Kemerink, S. Timpanaro, M.M. de Kok, EA. Meulenkamp, FJ. Touwslager,
Three-dimensional inhomogeneities in PEDOT: PSS films, ]. Phys. Chem. B 108
(2004) 18820-18825.

[20] KX. Steirer, ].P. Chesin, N.E. Widjonarko, ].J. Berry, A. Miedaner, D.S. Ginley,
D.C. Olson, Solution deposited NiO thin-films as hole transport layers in or-
ganic photovoltaics, Organic Electron. 11 (2010) 1414-1418.

74

[21] KX. Steirer, PF. Ndione, N.E. Widjonarko, M.T. Lloyd, ]. Meyer, EL. Ratcliff,
A. Kahn, N.R. Armstrong, C]J. Curtis, D.S. Ginley, ].]. Berry, D.C. Olson, Enhanced
efficiency in plastic solar cells via energy matched solution processed NiOx in-
terlayers, Adv. Energy Mater. 1 (2011) 813-820.

[22] C. Tao, S. Ruan, G. Xie, X. Kong, L. Shen, F. Meng, C. Liu, X. Zhang, W. Dong,
W. Chen, Role of tungsten oxide in inverted polymer solar cells, Appl. Phys.
Lett. 94 (2009) 43311.

[23] K Zilberberg, S. Trost, H. Schmidt, T. Ried, Solution processed vanadium pen-
toxide as charge extraction layer for organic solar cells, Adv. Energy Mater. 1
(2011) 377-381.

[24] K. Takanezawa, K. Tajima, K. Hashimoto, Efficiency enhancement of polymer
photovoltaic devices hybridized with ZnO nanorod arrays by the introduction
of a vanadium oxide buffer layer, Appl. Phys. Lett. 93 (2008) 63308.

[25] V. Shrotriya, G. Li, Y. Yao, C.-W. Chu, Y. Yang, Transition metal oxides as the
buffer layer for polymer photovoltaic cells, Appl. Phys. Lett. 88 (2006) 73508.

[26] ]. Meyer, A. Shu, M. Kréger, A. Kahn, Effect of contamination on the electronic
structure and hole-injection properties of MoO[sub 3]/organic semiconductor
interfaces, Appl. Phys. Lett. 96 (2010) 133308.

[27] K. Zilberberg, H. Gharbi, A. Behrendt, S. Trost, T. Riedl, Low-temperature, so-
lution-processed MoO(x) for efficient and stable organic solar cells, ACS Appl.
Mater. Interfaces 4 (2012) 1164-1168.

[28] S. Murase, Y. Yang, Solution processed MoQ3 interfacial layer for organic pho-
tovoltaics prepared by a facile synthesis method, Adv. Mater. (Deerfield Beach,
Fla.) 24 (2012) 2459-2462.

[29] Y. Sun, CJ. Takacs, S.R. Cowan, J.H. Seo, X. Gong, A. Roy, A]. Heeger, Efficient,
air-stable bulk heterojunction polymer solar cells using MoO(x) as the anode
interfacial layer, Adv. Mater. 23 (2011) 2226-2230.

[30] CJ. Brinker, GW. Scherer, Sol-Gel Science: The Physics And Chemistry Of
Sol-Gel Processing, Academic Press, Boston, 1990.

[31] LD. Baikie, A.C. Grain, |. Sutherland, ]. Law, Ambient pressure photoemission
spectroscopy of metal surfaces, Appl. Surface Sci. 323 (2014) 45-53.

[32] A. Chithambararaj, N. Rajeswari Yogamalar, A.C. Bose, Hydrothermally syn-
thesized h-MoO 3 and @-MoO 3 nanocrystals: new findings on crystal-struc-
ture-dependent charge transport, Cryst. Growth Des. 16 (2016) 1984-1995.

[33] Z. Zhang, R. Yang, Y. Gao, Y. Zhao, |. Wang, L. Huang, ]. Guo, T. Zhou, P. Lu,
Z. Guo, Q. Wang, Novel Na(2)Mo(4)0(1)(3)/alpha-Mo0O(3) hybrid material as
highly efficient CWAOQ catalyst for dye degradation at ambient conditions, Sci.
Reports 4 (2014) 6797.

[34] G.D. Khattak, MA. Salim, A.S. Al-Harthi, D.]. Thompson, LE. Wenger, Structure
of molybdenum-phosphate glasses by X-ray photoelectron spectroscopy (XPS),
]. Non-Crystalline Solids 212 (1997) 180-191.

[35] F. Werfel, E. Minni, Photoemission study of the electronic structure of Mo and
Mo oxides, ]. Phys. C: Solid State Phys. 16 (1983) 6091-6100.

[36] R. Kleyna, H. Mex, M. VoR, D. Borgmann, L. Viscido, ].M. Heras, Modification of
Mo03 surfaces by vapour-deposited cobalt atoms, Surface Sci. 433-435 (1999)
723-727.

[37] Y. Udum, P. Denk, G. Adam, D.H. Apaydin, A. Nevosad, C. Teichert, M.S White,
N.S Sariciftci, M.C. Scharber, Inverted bulk-heterojunction solar cell with
cross-linked hole-blocking layer, Organic Electron. 15 (2014) 997-1001.

[38] A.M. Nardes, M. Kemerink, R.A.]. Janssen, Anisotropic hopping conduction in
spin-coated PEDOT: PSS thin films, Phys. Rev. B 76 (2007).

[39] A.M. Nardes, M. Kemerink, RA.. Janssen, JA.M. Bastiaansen, N.M.M. Kiggen,
B.M.W. Langeveld, A.J.J.M. van Breemen, M.M. de Kok, Microscopic understand-
ing of the anisotropic conductivity of PEDOT: PSS thin films, Adv. Mater. 19
(2007) 1196-1200.

[40] D.C. Coffey, O.G. Reid, D.B. Rodovsky, G.P. Bartholomew, DS. Ginger, Map-
ping local photocurrents in polymer/fullerene solar cells with photoconductive
atomic force microscopy, Nano lett. 7 (2007) 738-744.

[41] B. Friedel, B. Ehrler, S. Huettner, N.C. Greenham, Enhanced nanoscale imag-
ing of polymer blends by temperature-controlled selective dissolution, Small 8
(2012) 237-240.



4.2. Influence of Environmentally Affected Hole Transport Layers on Spatial

Homogeneity and Charge Transport Dynamics of Organic Solar Cells.

Huei-Ting Chien, Florian Pilat, Thomas Griesser, Harald Fitzek, Peter Poelt, Bettina Friedel

Author Contributions

The author defined the research plan, executed the experiments, prepared the samples for HTL
characterization, fabricated the SCs and measured the device physics. The dynamic TPC
measurements were done by Florian Pilat. The XPS measurements were done by Thomas Griesser.
The Raman measurements were carried out by Harald Fitzek and Peter Poelt. The author did the
literature review, analyzed the results and wrote the manuscript. The work was supervised by
Bettina Friedel.

75



Influence of Environmentally Affected Hole Transport
Layers on Spatial Homogeneity and Charge Transport

Dynamics of Organic Solar Cells.

Huei -Ting Ch/'enl*, Florian Pi/atl, Thomas Gr/esserz, Harald Fitzekg, Peter Poelt3’4, Bettina Friedel™”

Uinstitute of Solid State Physics, Graz University of Technology, Austria;

2Chair of Chemistry of Polymeric Materials, University of Leoben, Austria;

3Institute of Electron Microscopy and Nanoanalysis, Graz University of Technology, Austria;

* Graz Centre for Electron Microscopy, Austria

“illwerke vkw Endowed Professorship for Energy Efficiency, Energy Research Center, Vorarlberg
University of Applied Sciences, Austria

*Email: hchien@tugraz.at

KEYWORDS: organic solar cells; spatial homogeneity; photocurrent mapping; environmental
degradation; colloidal films; hole-transport layer

76



ABSTRACT

After the efficiency of organic photovoltaic (OPV) cells achieved more than 10%, the control of
stability and degradation mechanisms of solar cells became a prominent task. The improvement
of device efficiency due to incorporation of a hole-transport layer (HTL) in bulk-heterojunction
solar cells has been extensively reported. However, the most widely used HTL material,
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is frequently suspected to
be the dominating source for device’s instability under environmental conditions. Thereby effects
like photooxidation and electrode corrosion are often reported to shorten device lifetime.
However, often in environmental device studies, the source of degradation, whether being from
the HTL, the active layer or the metal cathode are rather difficult to distinguish, because the
external diffusion of oxygen and water affects all components. In this study, different HTLs,
namely prepared from traditional PEDOT:PSS and also two types of molybdenum trioxide (MoQ3),
are exposed to different environments such as oxygen, light or humidity, prior to device
finalization under inert conditions. This allows investigating any effects within the HTL and from
reactions at its interface to the indium-tin-oxide electrode or the active layer. The surface and
bulk chemistry of the exposed HTL has been monitored and discussed in context to the observed
device physics, dynamic charge transport and spatial performance homogeneity of the according
OPV device. The results show that merely humidity-exposure of the HTL leads to decreased
device performance for PEDOT:PSS, but also for one type of the tested MoOs. The losses are
related to the amount of absorbed water in the HTL, inducing loss of active area in terms of
interfacial contact. The device with PEDOT:PSS HTL after humid air exposure showed seriously
decreased photocurrent by micro-delamination of swelling/shrinkage of the hygroscopic layer.
The colloidal MoOs with water-based precursor solution presents slight decay of solar cell
performance, also here caused by swelling/shrinking reaction, but by a combination of in-plane
particle contact and resistance scaling with particle expansion. However, the device with
quasi-continuous and alcohol-based MoO3; showed unharmed stable electrical performance.

INTRODUCTION

The research on organic photovoltaics (OPV) reached remarkable growth due to their
potential for realization of flexible, large-area and light-weight devices, categorized by
environmental friendliness, low thermal budget and low-cost production e.g. via roll-to-roll
printing.l_4 The power conversion efficiency (PCE) of OPVs has been greatly improved by
introducing the bulk-heterojunction (BHJ) concept by the combination of organic donor and
acceptor on the nanoscale.”” The most prominent system here is the donor-acceptor couple of
the conjugated polymer poly(3-hexylthiophene) (P3HT) and the fullerene derivative

6-7

phenyl-Cg:-butyric acid methyl ester (PCBM). Best systems currently reach up to 12%

efﬁciency‘g'9 Typical BHJ OPVs require a selective hole-transport layer (HTL) to block electrons and

enhance hole-transfer to the anode, further to stabilize the anode’s work function and reducing

10-11

its surface roughness. The most commonly used material for the anode interlayer is

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) due to its benefits such as

12-13

high conductivity, high transparency and good solution processibility. However, beside high
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efficiencies and cost-effective processing, also long device lifetimes are desirable for OPVs.**
Plenty of research has been focusing on environmentally induced mechanisms leading to device

degradation, based on various approaches and techniques.*>°

This is not exclusively caused by
environments like air, light and humidity, even solvent vapors which are present during fabrication
or even testing, can affect the device performance considerably.21 But exactly the long-term
stability is a concern when using PEDOT:PSS, since the strongly hygroscopic polysulfonic acid
dissociates under the influence of humidity, suspected to induce corrosion in the device.**?%%?
To overcome this problem, high-work function transition metal oxides, such as NiOy,”>**  WO0,*
and M00326_28 have been introduced as alternatives to PEDOT:PSS in OPVs. Still, it is not clear if
those materials are entirely inert against environmental influence. Spatially resolved methods
such as conductive atomic force microscopy29 ,near-field scanning optical microscopy3o, lock-in
thermographyg’l, photo- and electroluminescence® and light-beam induced current (LBIC)*®3?
have been applied as tools to characterize surface and device performance of OPVs. In particular,
laser beam induced current (LBIC) has been widely used to investigate degradation and efficiency

losses by spatial homogeneity across the entire photoactive pixel area. 2033

Further, transient
photocurrents (TPC) have been used to gain knowledge about the dynamics of charge separation,
determine mobilities, to describe the build-up of trapped charges and the dynamics of

recombination of OPVs.3®*?

Aim of this work is to distinguish the environmental effects solely induced by exposition of
the HTL, without the impact of a total device exposure. Therefore three different types of solution
processed HTLs have been compared: (1) deposited from commercial PEDOT:PSS ink, (2) a
quasi-continuous MoO3 nanolayer obtained from deposition of an acetylacetonate precursor in
alcohol and hydrolysation in air and (3) a MoOQOs layer of colloidal particles obtained from
hydrolysis and condensation of an molybdate precursor in acidic aqueous solution. The two
different precipitation methods for MoOs were chosen to see eventual effects of an acid presence.
The as-prepared HTLs on indium-tin-oxide (ITO) glass substrates are exposed to dry air, humid air
in the dark or with illumination, before further processing of the ITO/HTL/P3HT:PCBM/LiF/Al
device stack in inert atmosphere. Surface and local bulk chemistry of the exposed HTLs have been
investigated by X-ray photoelectron spectroscopy (XPS) and Raman microscopy, respectively.
Finalized devices are characterized regarding their general device performance and scanned
regarding their photocurrent homogeneity and local device characteristics by LBIC. The dynamic
behavior of charge transport in the devices was studied by TPC. Altogether, these results allow
conclusions on device changes/degradation solely connected to chemical/photochemical
reactions of the HTL itself or at the closest interfaces in consequence.

EXPERIMENTAL SECTION
Materials

P3HT was supplied by Rieke Metals Inc. (MW 50-70 kg mol %, regioregularity 91-94%).
PCeoBM was purchased from Nano-C Inc. (99.5% purity). Anhydrous chlorobenzene (99.8%) as
solvent for the organic semiconductors, was purchased from Acros Organics. The aqueous
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formulation of PEDOT: PSS ink was purchased from Heraeus Deutschland GmbH & Co. KG (Clevios
P Jet (OLED)). Ammonium molybdate ((NH4)>Mo0Q4) (299.98%), hydrochloric acid (HCI) (=37%) and
bis(acetylacetonato)dioxomolybdenum(VI) (MoO,(acac),) were purchased from Sigma-Aldrich.
Isopropanol (99.9%) was purchased from VWR International LLC. All substances were used as
received. ITO substrates (20 Q /square, Ossila) were cleaned by sonication in acetone and
isopropanol, followed by O, plasma etching (100 W for 30 min) briefly before further processing.

Preparation of the MoOs and PEDOT:PSS HTLs

Two different formulations were used to generate the MoOs films. The quasi-continuous
films, consisting of a nanosized network with particle mean diameter of 6 nm,® are referred to in
the following as MoOs-1. For their preparation, following a procedure reported by K. Zilberberg et
al.,”® MoO,(acac), was dissolved in isopropanol to form a 0.5% (w/v) precursor solution. The
colloidal films, comprising a layer of separated particles (10-30 nm),*® are referred to as MoOs-2 in
this study and were prepared as reported by Liu et al..’” Here, (NH4),Mo0, was dissolved in
distilled water to form a 0.005 mol/L solution. Then 2 mol/L aqueous HCl solution as catalyst was
added drop-wise under stirring until the pH value of the solution was between 1 and 1.5. Particles
of MoOs start forming already in solution by hydrolysis and condensation, thus generating a
suspension. All three formulations, PEDOT:PSS, MoOs-1 and Mo0QOs-2, were filtered by 0.22 um
PVDF membrane filters (Sigma Aldrich) prior to deposition and spin-coated onto ITO substrates at
4000 rpm for PEDQOT: PSS and 3000 rpm for MoOs for 40s, respectively. The layers of MoOs-1 and
MoOs-2 were kept in ambient air at room temperature for 1 h for hydrolysis of the precursor.
Finally, films were annealed at 160 °C for 20 min to dry and promote oxide formation. The PEDOT:
PSS layers were merely heated to 160 °C for 20 min under Argon (Ar) flow for removal of water.
The film thickness of PEDOT:PSS is around 40 nm, MoOs-1 and MoOs-2 are both around 10 nm.
The as-prepared HTLs were either used immediately for device fabrication (referred to as */Fresh)
or underwent selected exposure before. For this purpose films were submitted to dry air with
<20% relative humidity (*/Air) or humid air with >80% relative humidity (*/H,0) without any
illumination, or to dry air under white light illumination (tungsten halogen) at 10% equivalent of
AM1.5G (*/Air&light), respectively. For each condition, the temperature was 25°C and the
duration of exposure was 18 hours. Devices were fabricated immediately after exposure. Samples
for XPS investigation were prepared with the same procedure on unpatterned ITO substrates.
Different to the standard process, samples for Raman spectroscopy were prepared on ITO
substrates for PEDOT:PSS and on Si substrates for MoOs-1 and Mo0Os-2 by drop casting method to
obtain thicker layers (~80nm) to increase the weak signal intensity.

Device fabrication

Standard solar cells with P3HT:PCBM photoactive layer according to the architecture
shown in Figure 1 were assembled in inert gas atmosphere, using named HTLs of MoOs-1,
Mo0O3-2 and PEDOT: PSS directly after different environments exposures. The active layer was
applied on the according ITO/HTL substrate by spin-coating from a solution of P3HT and PCBM
(1:1 weight ratio, 18 mg/mL each) in 70°C chlorobenzene at 1500 rpm for 60 s, followed by
annealing at 120° C for 5 min. The film thickness obtained is around 150 nm. The cathode was
thermally evaporated as a bilayer of LiF (2nm) and Al (100 nm). The nominal active area of the
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devices is 6 mm? (pixel size 1.5 mm x 4.0 mm).
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Figure 1. Investigated device architecture with the focus on different hole-transport layers
and their environmental exposure conditions.

Characterization

The surface chemistry of HTLs was characterized by XPS and local bulk chemistry by
Raman spectroscopy. The XPS (Thermo Fischer Scientific, Waltham, MA USA) is equipped with a
monochromatic Al Ka X-ray source (1486.6 eV). All scans were performed at room temperature.
The peaks were fitted using a Gaussian/Lorentzian mixed function employing Shirley background
correction (Software XPSPEAK41). Raman measurements were performed with a Horiba Jobin
Yvon LabRam 800 HR spectrometer equipped with a 1024 x 256 CCD (Peltier-cooled) and an
Olympus BX41 microscope. All scans were done using a laser wavelength of 532 nm (50 mW), an
x50 Olympus LMPlanFLN (N.A. 0.5) objective and a 300 |/mm grating (spectral resolution of 3
cm™). Spatial Raman spectroscopy characteristics for point-to-point analysis were taken in
line-scans along 100 um scanning area with 2 um step size for PEDOT:PSS, and with 4 um for
Mo0Os-1 and MoOs-2, respectively. In order to avoid damage to the sample, the laser intensity was
reduced to 10 % for the measurements of PEDOT:PSS and MoOs3-2 and to 1 % for the
measurements of MoOs-1. The photocurrent density—voltage (J-V) characteristics of the OPV
cells were recorded using a computer-controlled Keithley 2636A source meter and AM1.5G
illumination (100 mW/cm?) from a solar simulator (Model 10500, ABET Technologies, rated ABB).
Spatial photocurrent distribution was determined by laser beam induced current (LBIC) method,
scanning with a computer-controlled nano-manipulator-driven xy-stage (Kleindiek Nanotechnik,
NanoControl NC-2-3) and excitation with a 532 nm laser (<5mW) with a focused spot-size of =2
um. Spatial photocurrent mappings were scanned with 40 um step size across the entire
photoactive pixel area of 4.0 mm x 1.5 mm (Figure 1). Local photocurrent-voltage characteristics
for point-to-point analysis were taken in line-scans along the long side of each pixel, scanning
from the left (0 mm) to the right (4 mm) with 160 um step size. For transient photocurrent
measurements, a 530 nm green LED (Thorlabs, M530L2) was used as the light source and a 300
us square pulse from a function generator (HAMEG HMF 2550) at 1 kHz was used to power the
LED. The photocurrent of the devices was measured by an oscilloscope (HAMEG HMO 3002
Series) with input impedance of 50 Q. For voltage-dependent photocurrent transients, devices
were connected to a computer-controlled Keithley 2636A source meter operating in DC mode.
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RESULTS AND DISCUSSION

To investigate how the environmental conditions such as air, illumination and humidity
affect the HTLs and in consequence lead to degradation of the OPV devices, solar photocurrent
density-voltage (J-V) characteristics were recorded, shown in Figure 2.
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Figure 2. Photocurrent characteristics under AM1.5G of devices with fresh prepared HTLs and
after different environmental exposures (a) PEDOT:PSS (b) MoO3-1 (c) Mo0Os-2.

In every case the “fresh” condition acts as blind sample in this study, to account for
environment-independent relaxation, aging or measurement-related changes of the materials.
Figure 2(a) shows the J-V-characteristics of devices with exposed PEDOT:PSS HTLs. It can be seen
that PEDOT:PSS/Air and PEDOT:PSS/Air&light present the best performance of the 4 conditions,
with the highest rectangularity indicated by fill factors (FF) of 0.49 and 0.50, respectively.
PEDOT:PSS/Fresh on the other hand, shows equal short-circuit current (Jsc) of around -8.6 mA/cm?
and open-circuit voltage (Voc) of around 0.54, but considerably lower fill factor of only 0.44.
However, the by far lowest performance is shown by PEDOT:PSS/H,0, which exhibits lower
rectangularity with FF of 0.39 and additionally greatly reduced photocurrent of Jsc of -6.4 mA/cm?,
but stable Voc of 0.55. The behaviour of the fresh sample compared to the air- and light-exposed
ones can be explained by reduced interfacial charge transport efficiency between PEDOT:PSS and
neighboring layers and an associated higher series resistance of the device, indicated by low FF
and the change in slope around the Vg, respectively. The reason for the lack in interfacial transfer
is the non-equilibrium condition the PEDOT:PSS layer is in when it is processed into a device right
away. In that case, a certain degree of aging is necessary for relaxation of the polymer and its
surface groups to make better contact to the ITO electrode and the active layer. The low FF
accompanied by reduced photocurrent in PEDOT:PSS/H>0 on the other hand, is a sign for loss of
active area, in the sense of ITO corrosion producing insulating islands or local (photo)degradation
of the adjacent active area facilitated by the absorbed water diffusing from the exposed
PEDOT:PSS Iayer.‘B’45 Figure 2(b) shows the solar J-V curve of devices with MoOs-1 HTL after
different environmental exposures. All four samples, MoOs-1/Fresh, MoOs-1/Air, MoOs-1/Air&light
and Mo0s-1/H,0 show identical unaltered performance irrespective of the exposure of the HTL,
with Jsc of about -9.5 mA/cm?, a Voc of 0.54 and a quite high fill factor of 0.54. This suggests that
MoOs-1 is a considerably stable HTL material with unalterable surface chemistry, morphology or
electric properties. Figure 2(c) shows the solar photocurrent characteristics of devices comprising
fresh or exposed Mo0Os-2 HTLs. Three of the samples, MoOs-2/Fresh, MoOs-2/Air and
Mo0s-2/Air&light exhibit very similar characteristics with Jsc around -10.3 mA/cm?, Voc of 0.56
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and FF of 0.55. Only the photocurrent output of the humidity-exposed sample Mo0O3-2/H,0 is
significantly lower with Jsc of -8.9 mA/cm?, while neither the FF nor the Voc are affected. The fact
that FF and series resistance (indicated by the slope near Voc) do not change compared to the
other samples, but only the current, indicates that the loss of photocurrent is caused by loss of
photoactive area contributions, either by local insulating areas due to corrosion of the ITO
electrode interface or by degradation of the adjacent organic semiconductor. Though the current
slopes in Voc look quite parallel for MoOs-2/H,O compared to the other exposure conditions,
there is a difference in series resistance with an increase of around 9 %, implying that the bulk or
interfacial charge transport is slightly affected.

To differentiate any effects caused by the devices’ charge transport ability and potential
trapping phenomena, charge transport dynamics were studied via TPC. Complete sets of biased
photocurrent transients following 300 us square laser pulses for devices with exposed HTLs, for all
conditions are shown in the Supporting Information with relative (Figure S1) and normalized
currents (Figure S2). Selected normalized transient photocurrents are displayed in Figure 3, for
devices of exposed PEDOT:PSS HTL (all conditions) and for the humidity-exposed MoOs; HTLs.
Comparing the device response of PEDOT:PSS/Fresh, PEDOT:PSS/Air, PEDOT:PSS/Air&light and
PEDOT:PSS/H,O in Figure 3 (a)-(d), one particular feature can be noticed, that is a
current-overshoot of the device at the start of the square light pulse for some samples.
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Figure 3. Normalized TPC (normalized by the steady state photocurrent at 300 ps) at different
applied bias of selected devices with different environmentally exposed HTLs, namely (a) freshly
prepared PEDOT:PSS (b) PEDOT:PSS after air exposure in the dark (c) PEDOT:PSS after air with
illumination (d) PEDOT:PSS after humid air exposure in the dark (e) MoOs-1 after humid air
exposure in the dark (f) MoOs-2 after humid air exposure in the dark.

For PEDOT:PSS/Fresh this feature occurs quite weakly and merely for higher positive voltages. For

PEDOT:PSS/H,0 on the other hand the effect is present starting from -0.2 V and gets more

pronounced the more positive the voltage. PEDOT:PSS/Air and PEDOT:PSS/Air&light do not show

this behavior. Otherwise the transient characteristics of the devices with exposed PEDOT:PSS are

quite similar with rise (tso) of too (peporpss) = 25 +/- 2 ps and fall times (t1o) of tio peporess) = 25 +/- 2
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s, respectively. With one exception, PEDOT:PSS/H,0 has slightly extended rise and fall times of
too (peDOTPSS/H20) = 27 WS and tig (pepotpss/hz0)= 33 Hs. In devices with MoOs; HTL current shoots are
not observed for any condition. Exemplarily, the photocurrent transients of MoOs-1/H,O and
Mo03-2/H,0 are shown in Figure 3 (e) and (f). The transients of the MoOs; HTL devices behave
quite similar for any of the exposure conditions or bias voltage (see also Supplemental
Information Figure S2) with rise and fall times of around tgg (Mo03-1) = 29 +/- 1 s and t1o (vo03-1) = 30
+/- 1 ps, and of around teg (mo0s-2) = 27 +/- 1 s and tiomoos-2) = 26 +/- 1 us, respectively. With one
exception, Mo03-2/H,0 has slightly extended rise and fall times of tog (moo3-2/m20) = 30 s and tig
(Mo03-2/H20) = 30 ps. The slight homogeneous increase of charge extraction times when the applied
bias is varied from -0.4 V to 0.4V, is directly assigned to the influence of decreased internal
electric field. Lack of heavy or abrupt changes to the rise and fall times and absence of any
overshoot behavior are signs for stable, unhindered and well balanced transport in the devices.*
Especially the biasing is a valuable tool to identify energetic barriers or traps in a device, as the
applied voltage depending on polarity and strength helps photogenerated charges to overcome
barriers, getting released from traps and swept out of the device.*"* In the case of MoO5-HTL
device sets, where divergent behavior could have been expected after the general J-V
characteristics, transients show no signs of delayed charges or blocking behaviour. Only
Mo0Os-2/H,0 shows slightly longer rise and fall times, indicating a lower charge transport
efficiency of solar cell influenced by the HTLs or interfacial contact resistance. The case of
PEDOT:PSS is there somehow more complex. While the air- and air/light exposure shows no signs
for blocking of delayed transport either, the fresh and the humidity-exposed film seem to induce
a build-up of charges in the device upon switch-on, seen as the overshoot of current at the start
of the square laser pulse. This is clearly a consequence of an interface issue near the ITO
electrode or near the active layer. The fact that for the fresh one this only happens weakly and
only for high positive voltages, reducing the internal electric field of the device, supports the
aforementioned theory of an unrelaxed PEDOT:PSS layer. When the bias is strong enough to
overcome this eventual layer contact problem, the device transport is normal. For the
humidity-exposed PEDQOT:PSS layer the consequences seem to be more severe, as the charge
build-up already takes effect from negative biases and builds up fast when reducing the device’s

4147 Merely for negative voltages

internal field. This behavior is typical for traps in a device.
exceeding -0.3 V the charge transport is unhindered, giving an idea about the strength/depth of
the charge traps in these devices. The longer rise and fall times also imply a lower charge
transport efficiency of solar cell. Thereby the rising relative magnitude of the overshoot transient
peaks to the steady state photocurrent with increasing applied voltage, correlates with
trap-facilitated recombination.®® In this case their origin could be migrated indium or oxidation
sites in the organic active layer, or at surface defects (e.g. dangling bonds) of the corroded
inorganic IT0.*” The build-up of trapped charges in the device may hereby lead to increased
recombination rates either directly through trap-assisted recombination routes such as
Shockley-Read-Hall recombination, or through space charge mediating increases in bimolecular
recombination and/or decreases in charge separation efficiency.>® When the overshoot transient
peaks are not observed in the reversed bias region this indicates that the larger internal electric

field in the device inhibits trap-mediated recombination.’

XPS and Raman spectroscopy were investigated to understand changes in surface
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chemistry and local bulk chemistry of HTL films after different environmental exposure, which
might explain their impact on the adjacent layers within the solar cell stack. The films” XPS core
level spectra of atoms relevant to the respective material are shown in Figure 4.
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Figure 4. XPS spectra of different HTL films after selected environmental exposures: (a) S 2p core
level of PEDOT:PSS (b) O 1s core level of PEDOT:PSS (c) Mo 3d core level of MoOs-1 (d) O 1s core
level of MoQs-1 (e) Mo 3d core level of MoOs-2 (f) O 1s core level of MoOs-2.

The S 2p and O 1s core level spectra in PEDOT:PSS HTLs for different exposure conditions are
presented in Figure 4(a) and (b), respectively. In the S 2p signal of PEDOT:PSS (Figure 4a), two
weak low-binding energy peaks appear at approximately 165.1 eV and 163.9 eV, corresponding to
the spin-split components of the sulfur atoms in the PEDOT, while the stronger high-binding
energy peaks at 169.0 eV and 167.8 eV correspond to the sulfur atoms in PSS.***° The intensity
relation between PEDOT and PSS contributions is typical, because the PEDOT:PSS particles and
films thereof are covered with PSS, therefore diminishing the PEDOT signal. However, no clear
difference is seen for different exposure scenarios. Figure 4(b) shows the XPS spectra of O 1s core

84



level, a main peak at 531.5 eV that originates from SOs° acid groups of PSS, and a weaker
shoulder at 533.0 eV due to C-O bonds of PEDOT.° Also these spectra exhibit no clear changes on
surface chemistry of PEDOT:PSS HTLs. It should be mentioned though that water eventually
adsorbed by PSS in humidity-exposed films might have been released in the XPS’s high vacuum
chamber before measurement was initialized. Figure4 (c) and (e) show the Mo 3d doublet core
level spectra of MoOs-1 and Mo0Qs-2 films. Both materials demonstrate comparable results for
fresh films and for air and air with illumination exposures. The doublet peaks show a slight
asymmetric line shape, suggesting the presence of mixed oxidation states of Mo, which slightly
shift their energy. The major contribution comes from Mo®" oxidation states with the 3d3/2 peak
at 236.0 eV and 3d5/2 at 232.8 eV, while the minor underlying peaks centered at 234.7 eV and
231.7 eV are assigned to the 3d orbital doublet of Mot 212 |n both, Mo0Os-1 and Mo0Q3-2 films,
the intensity of the peaks belonging to Mo>" oxidation state get stronger after humid-air exposure,
visible a tail of the peaks on the low-energy side. Since for preparation of both materials
hydrolysis reactions with a molybdenum precursor are involved, it is suggested absorbed humidity
triggered according chemical reactions with Mo atoms in the film, leading to this shift. Figure 4(d)
and (f) depict the O 1s core level spectra for MoOs-1 and MoOs-2 HTL after exposure. Again here
fresh, air- and illuminated air-exposed samples are very similar, showing a main peak at 530.9 eV
assigned to the 0% in the oxide™ and a weak second component at 532.4 eV attributed to
hydroxyl groups.”® With humidity-exposure a significant increase of surface hydroxyl groups is
observed and additionally a further signal appears at 533.4 eV, which can be assigned to

adsorbed molecular water.>*>®

This confirms an ongoing hydrolysis and condensation reaction of
molybdenum oxide in the film upon humidity exposure. However, none of the surface chemical

observations can explain the behavior of the films in the device.

Raman spectroscopy provides more detailed information related to the chemical
properties of the bulk and is not recorded under vacuum, allowing the exposed films to maintain
their chemical surface composition during the measurement. In the present experiment, spatially
resolved Raman measurements were performed which allow a point-to-point analysis of the film’s
chemistry, completing the highly accurate surface sensitive but area-integrated information of
XPS. Figure 5 a-c present the averaged spectra of the area scans for all exposition scenarios for
PEDOT:PSS, Mo0s-1, and Mo0Os-2, respectively. The complete sets of the corresponding spatially
resolved Raman spectra sequences obtained by Raman microscopy scans for all exposure
conditions can be found in the Supplemental Information in Figure S3. As the humidity-exposed
films seem to exhibit the most relevant changes, these are shown exemplarily for each of the
materials in Figure 5 d-f. Figure 5(a) shows the average spectra of point-to-point Raman analysis
of PEDOT:PSS HTLs after different environmental exposures (see from Figure 5 (s) for humid air
exposure and Figure S3 in supplement for fresh, air, and air with illumination exposures). All
spectra of PEDOT:PSS HTLs after different environmental exposures show nearly identical bands,
suggesting no clear chemical composition changes on PEDOT:PSS film after exposure. Those
curves exhibit the main peak at 1442 cm™, corresponding to the C=C symmetrical stretching
vibration of PEDOT and the band near 1370 cm™ is associated with the C-C stretching.”® The peaks
at 1508 and 1570 cm™ have been associated with the C=C asymmetric stretching vibrations that
correspond to thiophene rings in the middle and at the end of the chains, respectively.”’ The
band located at 1540 cm™ is related to the splitting of these asymmetrical stretching
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vibrations.”®>? All the other bands observed at 440, 578, 701, 854, 991, 1097, 1367, 1255, 1367,
1505, 1539 and 1569 cm™ are also associated with PEDOT on the basis of the spectrum of
PEDOT.>*>’ Figure 5 (d) demonstrates spatially resolved Raman spectra from the PEDOT: PSS HTL
after humid air exposure. The spectra present equal chemical composition across scanning area,
merely varying by intensities with film thickness, which corresponds to the bubble feature
displayed in the corresponding optical microscopy picture (Fig. 5d inset). These bubbles were
exclusively found in humidity-exposed PEDOT:PSS films. It is suggested that the bubbles form as a
consequence of film swelling upon water uptake by the hygroscopic polymer PSS. This means that
the water exposure does not induce irreversible chemical changes in the PEDOT:PSS layer, but
merely reversible water uptake, with  eventual effect on morphology.
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Figure 5. Area-averaged spectra of spatially resolved Raman characteristics of PEDOT:PSS (a),
MoOs-1 (b) and Mo0s-2 (c) films after different exposures scenarios. Spatially resolved sequences
of Raman spectra for humidity-exposed PEDOT:PSS (d), MoOs-1 (e) and MoOs-2 (f).

The average spectra of MoOs-1 HTLs for freshly prepared, air, air with illumination and humid air
exposures are shown Figure 5 (b). These spectra present identical features for all different
conditions, indicating no obvious chemical composition transformation on the bulk MoOs-1 HTL
films. The broad band features in the spectral are consistent with the previous literatures. 60-62
Thereby the Raman band usually appearing in the 500-1000 cm™ and 200—-400 cm™" regions
stands for the stretching (v) and bending (8) vibration of the structure of Mo0O3.5* Here, the broad
Raman bands at about 640, 850, 950, and 989 cm™, are explained by a wide distribution of
different Mo-O bond length.® Bands in the range of 920-1000 cm™ are associated with
stretching modes of the Mo=0 terminal.®® Looking at the spatially resolved spectra of humidity
exposed MoOs-1 (Figure 5 (e)), all spectra exhibit high homogeneity of peaks and intensities

across the scanning area, implying a great chemical stability of MoO3-1 HTL. The microscopic
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pictures given in the inset of the diagram show a widely continuous and homogeneous film.
Figure 5(c) demonstrates average Raman spectra from the four different conditions of MoO3-2
HTL films. The spectra of fresh MoO3 HTL and after air and air with illumination exposures show
identical Raman bands, suggesting the considerably comparable chemical composition in those
films. The peaks at 152, 280, 660, 819, and 995 cm™ are associated with the thermodynamically
stable a-MoQs crystalline phase.64 The vibration modes, which appear in the frequency ranges of
1000-600 cm™ and 600-200 cm™*, are corresponding to the stretching and deformation modes,
respectively.GS'66 The Raman peaks at 994 and 819 cm™ are the stretching vibration of the
terminal double bonds (I\/Io:O).67 The wave number range, between 150 and 400 cm? are
associated to the Mo-O modes type scissor, wagging, twist and rotational/translational rigid MoOg4
chain mode.®” Figure 5(f) shows the sequence of spatially resolved Raman spectra of MoO3-2 HTL
after humid air exposure. Unlike the PEDOT:PSS and MoQOs-1 HTLs after humid air exposure, which
present spatially homogeneous chemical composition, MoOs-2 HTLs present considerably
inhomogeneous spectra across the scanning area after humid air exposure. These
inhomogeneities are not limited to thickness related intensity variations but also different new
peaks appearing around 900-1000 cm Y in some local spectra. These additional peaks at 691, 901,
912, and 978 cm™ can be correlated to an h-MoOs crystalline phase, which has been previously
reported.®®® The peaks in the range of 880-987 cm™ are due to Mo=0 bond and the band at
691 cm™ is corresponding to O—Mo—0 vibrations. Most spectra of humidity-exposed MoOs-2
show the peaks of a-MoOQOs, which is the same phase as seen for all other exposure conditions,
but some local spectra display mixed peaks of a-MoO3 and h-MoOs in one spectrum, implying
that water induces a phase transition in the Mo0Os-2 HTL from a-MoOs; to h-MoQOs. From the
optical microscopy image, which is shown in the inset Figure 5(f), the film exhibits a granular
structure, which is also present in freshly prepared MoOs-2 HTLs and after air and air/illumination
exposure. However, upon humidity exposure, these particles seem to swell by absorption of water
from around 50 nm for other conditions to about 200 nm. This swelling and also the different
MoOs-phase alters the grain boundaries and charge transport properties of the film and thus may
lead to lower conductivity of the MoQOs-2 HTL film.

To investigate how altered surface and bulk properties of environmentally exposed HTLs
and their local homogeneities affect OPV devices they have been integrated in, microscale
laser-beam-induced photocurrent mapping was conducted. Figure 6 shows relative photocurrent
density (J) maps of P3HT:PCBM solar cells with PEDOT:PSS, MoO3-1 and Mo0Os-2 HTLs after
different environmental exposures with a scanning area of 1500 um x 4000 um. On the given
length scale, the photocurrent map of PEDOT:PSS/Fresh exhibits only subtle wave-like fluctuations
across the area of around 5% of highest photocurrent amplitude, except for some considerably
lower current near the pixel edges. Further, some very defined spots of 100 um with slightly
lower performance are visible. In comparison, both PEDOT:PSS/Air and PEDOT:PSS/Air&light,
show slightly more homogeneous photocurrent distribution as PEDOT:PSS/Fresh, with similar
current gradient, but without visible pattern and without mentioned edge effects. For
humidity-exposed PEDOT:PSS this changes drastically. PEDOT:PSS/H,O shows a highly
inhomogeneous photocurrent output, with a wave-like pattern across the surface like
PEDOT:PSS/Fresh, wherein only 20% of the output area shows unchanged high performance,
while for about 2/3 of the area photocurrent output is reduced by 15%, for about 1/10 by 25%
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photocurrent and output is basically negligible for the remaining area.

Air & light
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Figure 6. Relative photocurrent density maps of P3HT:PCBM solar cells with PEDOT:PSS, Mo0s-1
and Mo0Os-2 HTLs after different environmental exposures with a scanning area of 1500 um x
4000 pum.

The fact that air exposure of the HTL neither with nor without illumination has an effect on
homogeneity of photocurrent distribution, indicates that PEDOT:PSS itself is not affected by the
treatment and also does not trigger defects in the device later. The localized lower photocurrent
output spots, which are visible in all the devices with PEDOT:PSS HTLs are assigned to the
aggregation of colloidal particles, which has been proven in a previous report?® and do not show
this edge effects due to the longer relaxation time (during exposure) before device fabrication.
The edge effects visible for the fresh device may be caused by aforementioned non-equilibrium
interface between ITO and PEDOT:PSS, which affects the film most near the crossover between
the ITO pixel patch and the glass substrate. The humidity-exposed device shows the worst
performance along the pixel edges for a similar reason. In this case, the moisture uptake makes
the PEDOT:PSS film expand. As the film is confined to the substrate dimensions, this leads to
folding of the film, thereby creating wave-like current fluctuations. At the crossover between ITO
and glass this may lead to partial delamination and thus contact loss. Devices with MoOs-1 HTLs
show remarkably comparable homogenious photocurrent distributions for all different
environmental exposures MoOs-1/Fresh, MoOs-1/Air, MoOs-1/Air&light and MoOs-1/H,0, merely
with a mild smooth photocurrent gradient of less than 5% across the pixel area. This means that
the subtle changes in surface chemistry of MoOs-1/H,0, which have been observed in XPS, are
negligible for the photocurrent homogeneity. This is slightly different for solar cells with MoOs-2
HTLs. They exhibit quite identical homogeneous photocurrent maps for three of the conditions
Mo0Os-2/Fresh, MoOs-2/Air and MoQs-2/Air&light , with a smooth photocurrent gradient of less
than 5%, but compared to MoOs-1 , with a smaller area fraction of highest output. The
homogeneous spatial photocurrent is consistent with the highly homogeneous surface and bulk
chemical composition seen from XPS and Raman spectroscopic spectra. In contrast, MoOs-2/H,0
demonstrates slight inhomogeneities in photocurrent, at the pixel edges, where photocurrent
output is decreased down to 85%. From this outcome three possible scenarios can be considered
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following the absorption of water vapor by the film: swelling of MoOs-2 particles causing lower
conductivity of the film (mentioned earlier in context of microscopy), loss of
inter-particle/interfacial contact from swelling/shrinking of the particles or from potential ITO
corrosion by the remaining acidity in the film, diminishing the conductivity of the actual
electrode.

To gain a deeper understanding of the roots for local photocurrent losses in the devices,
point-to-point J-V analyses across pixel sections have been conducted, to investigate their device
physics. Different from the integrated J-V performance measured under simulated solar
conditions (AM1.5G), local photocurrents were measured at 532 nm wavelength, which is at the
spectral response maximum of the P3HT:PCBM active layer blend. Figure 7 shows the local
photo-J-V curves of devices with the different HTLs after humidity-exposure, recorded along a
central scanning line along the long-side of device pixel. These samples have been selected here
because merely humidity-exposure displays significant features in the local photocurrent scans,
while other conditions fresh, air and air&light are characterized by extraordinary conformity.
Complete sets of according scans for all studied conditions of the three materials are presented in
Figure S4 of the Supporting Information. For better visibility of any performance variance
between local J-V characteristics across a device area, the curves have been color-coded
(analogous to the relative photocurrent of the maps in Figure 6) in order of their achieved
short-circuit current.
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Figure 7. Local photo-J-V curves from a central line-scan along the long-side of devices with
different HTL materials after humid air in the dark exposure (a) PEDOT:PSS (b) MoOs-1 (c)
MOO;,-Z.

Figure 7(a) shows the point-to-point analysis J-V curves of PEDOT:PSS/H,0. All characteristics
show consistent slopes at the intersection with Voc and good rectangularity with slight deviation
of FF between 0.45 and 0.48, indicating that neither significant series resistance nor interfacial
charge transport are affected by humidity in PEDOT:PSS or reactions thereof with adjacent layers.
Further, the Voc fluctuates only minorly between 0.40 V to 0.38 V across the device area and the
curves exhibit unchanged parallel slopes at the intersection with the current-density axis (Jsc
region), suspending leakage currents as reason for decreased photocurrent, as the parallel
resistance is stable. This is in good agreement with the results from integral device
characterization. Therefor the origin for the fluctuating photocurrent across the device area, with
Jsc varying by 28 % between -0.18 mA/cm? at optimum performance and 0.13 mA/cm?, is loss of
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active area. As not leakage, barriers or charge transfer limitations are obvious, photocurrent loss
is most likely caused by either local degradation of the active layer by reaction with absorbed
water from PSS or by local loss of contact area at the ITO/HTL or HTL/active layer interface. The
latter could arise from delamination of the swelling/shrinking PEDOT:PSS layer during water
uptake/release during/after device fabrication. Another reason could be failing interfacial wetting
during device fabrication upon changes of the HTL's surface chemistry. Figure 7(b) shows the local
J-V characteristics of Mo0Os-1/H,0. Here, considerably uniform J-V curves are visible, which are
very similar to the ones of MoOs-1/Fresh, MoOs-1/Air, MoOs-1/Air&light shown in the Supporting
Information (Figure S4). MoO3-1/H,0 exhibits exclusively constant Voc of 0.4V, Jsc of -0.18 mA/cm?
and FF of 0.57 across the device area. This is in good agreement with their integral device
performance and the high homogeneity shown in the photocurrent maps. The minor deviation of
photocurrent (around 5% compared to maximum) across the device area is suspected to originate
from regular morphological inhomogeneities of the devices®® and not related to the treatment.
Figure 7(c) demonstrates the local variations of J-V curves of Mo0Os-2/H,O. Different to the
previous MoOs-1, here fluctuations across the device area are visible. The curves exhibit
consistent parallel slopes at the intersection with Jsc and with Voc and constant rectangularity
with a FF of 0.55, indicating that neither parallel resistance nor series resistance of interfacial
charge transfer are affected by humidity from the HTL. In addition, the variation of Voc between
0.39 V and 0.40 V is negligible. Merely the fluctuation of photocurrent between -0.18 mA/cm? at
maximum and lowest of -0.16 mA/cm? is significant. Thereby this fluctuation of 11% is less than
for PEDOT:PSS/H,0 but considerably stronger than for Mo0Os-1/H,0 . As similar for PEDOT:PSS/H,0
also here it is obvious that this effect is caused by a loss of active area, as suggested either from
active layer degradation’® or by loss of interfacial contact of the HTL with adjacent layers. This
would not be unlikely because particle swelling of MoO3-2 upon water-exposure was observed
earlier. Thereby it can be speculated that the difference in intensity of this device “degradation”
effect between PEDOT:PSS/H,0 and MoQOs-2/H,0 is related to the amount absorbed water and
thus volume fluctuation of the layer.

For a complete overview with greater detail on all HTLs and conditions, the solar cell
parameters were extracted/calculated from the respective photo-J-V characteristics in Figure 7
and in the Supplemental Information Figure S4. They are plotted in Figure 8 for Jsc (a), Voc (b), FF
(c) and Rs (d). As expected from photocurrent maps and their local device-physical analysis,
devices with MoOs-1 HTL exhibit clearly the highest spatial homogeneity and stability regarding
electrical performance independent of different environmental exposures, with very narrow
distribution of less than 5% deviation of the values for Jsc, Voc, FF and Rs. In contrast, the devices
with PEDOT:PSS HTL present most strongly fluctuating performance and inhomogeneity of local
output of Js¢, Voc, FF and Rs for different environmental exposures. In the worst case, which is
humidity exposure reflected by PEDOT:PSS/H-0, the deviation is up to 28% for Jsc photocurrent
and around 6% for its Voc,FF and Rs. For PEDOT:PSS/Fresh, PEDOT:PSS/Air, PEDOT:PSS/Air&light, all
parameters show a more narrow and very similar distribution, with deviations as high as around
8 % for Jsc and between 5 and 6 % for Voc, FF and Rs, indicating that air and illumination
(equivalent of 10% of AM1.5G) do not cause obviously localized surface and electric property
changes of the HTL. Mo0Os-2/Fresh, MoOs-2/Air, and MoQs-2/Air&light present all a quite narrow
distribution of solar cell parameters with deviations around 5 % for Jsc and less than 3 % for Vo,
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FF and Rs. MoOs-2/H,0 on the other hand, exhibits a wider distribution of Jsc with a deviation of
10% and less than 4% for Voc, FF and Rs, however, no inhomogeneity effect on Rg in comparison
with other environmental exposures of MoOs-2 HTL. These results clearly show that the values of
PEDOT:PSS HTLs are spreading towards lower Jsc, slightly lower Vqc, slightly lower FF and higher
series resistance upon HTL contact with humidity. For the MoOs; HTLs, MoOs-1 shows no
scattering of the values independent of the exposure condition, while for MoOs-2, clearly a subtle
shift in Jsc and Voc is noted but with relatively not much increased scattering. Since merely
representative data have been selected for display in the main text for the sake of better visibility,
statistical data on the devices’ variations in performance are presented in the Supplemental
Information Figure S5 for completion.
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Figure 8. Solar cell parameters as extracted/calculated from the local photo-J-V curves recorded
at different points along the long-side (4 mm) of a device pixel, showing (a) Jsc, (b) Voc, (c) FF and
(d) Rs.

Discussion

The presented results show clearly that PEDOT:PSS as HTL induces the most unstable,
fluctuating and inhomogeneous performance in standard OPV devices, compared to the two
MoOQs3 HTLs. Thereby humidity-exposure of PEDOT:PSS before device completion strongest affects
electrical performance, despite the fact the XPS and Raman spectra show no change in surface
and bulk chemistry of the layer, suspending ITO corrosion as a potential reason and strengthening
the argument of layer delamination by consecutive swelling and shrinking of the film upon water
uptake or release. A significant current-overshoot and extended charge extraction times seen in
the transients confirm less efficient charge transport near the electrode, leading to an
accumulation of charges at high light intensities/ current densities. A highly inhomogeneous
spatial photocurrent output with a wave-like pattern across the surface supports the idea of
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interfacial contact issues from partial delamination of PEDOT:PSS from ITO or/and active layer.
This in consequnce leads to a general lower photocurrent in the device. The good rectangularity
with constant FF, minor Voc fluctuation and stable parallel resistance from point-to-point J-V
analysis, showing no significant changes of the cell parameters exept for photocurrent and series
resistance, again confirms this assumption. Another condition which surprisingly causes
performance changes, is the immediate use of a freshly deposited and dried PEDOT:PSS layer,
leading to equal Jsc and Voc of, but considerably lower fill factor and an associated higher series
resistance of the device, compared to the ones containing air or illumination exposed PEDOT:PSS.
The reason is suspected to be from limited interfacial charge transport between the PEDOT:PSS
and neighboring layers due to the unrelaxed PEDOT:PSS film. This argument is supported by the
fact that any form of short storage before device completion improves the device and further by
the observation of a weak current overshoot in the transients at high positive bias and subtle
wave-like fluctuations in the spatial photocurrent. Dry air or light exposure of the PEDOT:PSS does
not lead to significant changes of the actual layer, indicating that PEDOT:PSS itself is not affected
by the treatment, nor to changes of the device, confirming that also no defects are triggered later
in the device. MoOs-1 demonstrates the most stable electrical device performance among the
tested materials, with unaltered Jsc, Voc, high fill factor and comparable homogeneous spatial
photocurrent distributions for fresh, air, air with illumination and humidity exposures. This reflects
also in stable charge transport dynamics seen in the transients and bulk chemical stability seen
from Raman spectra. The surface chemistry shows a significant increase of surface hydroxyl
groups upon humidity exposure, visible from stronger Mo>* contribution in XPS, which seems not
to affect the film properties or the device performance. MoOs-2 is reasonably stable for fresh
films and after exposure to air or illumination, exhibiting comparable output of all solar cell
parameters, Jsc, Voc, FF, and Rs as well as highly homogeneous spatial photocurrent output.
However, upon humidity exposure, according devices show lower photocurrent output, obviously
induced by a slightly increased series resistance, while other parameters are barely affected.
Together with the microscopic observation of MoQOs-2 particle swelling/shrinking upon water
uptake/release, this can be explained by decreased interparticle-contact, detachment from the
ITO surface or increased resistance of the actual swollen particle due to the hydrated (thus
insulating) outer shell. A slightly longer charge extraction time in the photocurrent transients but
missing overshoot, supports this theory and confirms that the effect on charge transport
efficiency is not as strong as for PEDOT:PSS. This is further supported by a homogeneously slightly
increased series resistance visible from local variations of J-V curves. A subtle decrease in
photocurrent along the pixel edge suggests detachment of the particles at the transition between
glass and ITO on the substrate, thus similar but not the same phenomenon as observed for
humidity-exposed PEDOT:PSS. The observed phase transition from a-MoOs; to h-MoOs in the
Raman spectra is not relevant to lower charge transport efficiency due to the actual higher
conductivity of h-MoOs compared to a-Mo05.”! However, it cannot be excluded that the
recrystallization changed interparticle or particle/ITO contact.

CONCLUSIONS
We compared the surface and device inhomogeneity of P3HT:PCBM bulk heterojunction
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PV cells influenced by three different solution-processed colloidal HTLs with various
environmental exposures, one PEDOT:PSS, one continuous MoOs and one nanoparticle MoOs film.
HTLs are exposed to the air in the dark, air with equivalent 10% AM1.5G solar illumination, and
humidity in the dark, and compare them with fresh samples, respectively, to gain the information
about potentially occurring degradation mechanisms influenced by HTLs with different
environmental effects. Standard OPV device investigation is accompanied by the comparison of
surface and bulk chemistry of the HTLs, along with the devices’ charge transport dynamics, spatial
photocurrent distribution and local device physics. By this exposure procedure limited to the
actual HTL, the environmental effects caused directly on the HTL and potential late effects within
the device structure could be distinguished without affecting the entire device stack, different to
studies with exposure of the complete device. Here we could clearly show that humidity exposure
of PEDOT:PSS does not actually lead to device failure by the suspected ITO corrosion or humidity
diffusion into the active layer with associated degradation, but instead merely signs for partial
interfacial contact loss were found. These are caused by the consecutive swelling and shrinking of
the layer on top of the ITO substrate and after incorporation within the device stack. Also fresh
PEDOT:PSS layers which are immediately incorporated into devices present interfacial resistance,
but, in that case because the layer is in a completely dry rigid non-equilibrium state at use. Any
form of relaxation time leads to improvement. The two investigated solution processed
molybdenum oxide films show extremely stable unchanging electrical behavior and homogeneity
for any condition, except for humidity exposure of the particle layer. In that case humidity
treatment leads to swelling of the particles, similar to PEDOT:PSS, but due to the thin
non-continuous layer, the effect leads to generally higher series resistance and thus lower current
by either detachment of particles from the other layers or increased resistance of the particles
themselves by the insulating hydrate shell. In no condition and for no material any material
degradation was found for the HTL itself or the device they were incorporated in. The observation
of decreased device performance merely by the loss of interfacial contact upon water-uptake
induced swelling is a completely new view on the matter.
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Figure S1 shows complete sets of biased photocurrent transients following 300 us square
laser pulses for devices with different environmental exposed hole transport layers (HTLs), for all
conditions. Only PEDOT:PSS/Fresh and PEDOT:PSS/H,0 show a current-overshoot of the device at
the start of the square light pulse. The overshoot feature occurs quite weakly and merely for
higher positive voltages for PEDOT:PSS/Fresh while the same effect of PEDOT:PSS/H,0 presents
starting from -0.2 V and gets more considerable with increased positive voltage.

Figure S2 normalized transient photocurrents (TPCs) from Figure S1 for devices with
freshly prepared MoOs-1 and MoOs-2 HTL and after air in the dark, air with illumination and
humid air in the dark exposures. The transients of both MoOs; HTL devices behave quite similar
for any of the exposure conditions or bias voltage with rise and fall times of around tgg (M00s-1)
29 +/- 1 ys and t1p (M00s-1) 30 +/- 1 s, and of around tgg (M003-2) 27 +/- 1 ps and tip (Mo0O3-2)
26 +/- 1 s, respectively.  No any current-overshoot behaviors are observed in all these devices.

Figure S3 shows the spatially resolved Raman spectra sequences obtained by Raman
microscopy scans for freshly prepared HTLs and after air in the dark, air with illumination and
humid air in the dark exposures. These spectra present identical and homogeneous features for
each HTL after different exposure conditions. The microscopic pictures given in the inset of the
diagram also show comparable feature for each HTL films.

Figure S4 shows local photo-J-V curves from a central line-scan along the long-side of
devices with freshly prepared HTL and HTL after air in the dark, air with illumination and humid
air exposure in the dark. All J-V curves present considerably uniform distribution, with unaltered
short-circuit current (Jsc), open-circuit voltage (Voc) and rectangularity with constant FF across
the pixel area. Devices with each HTL material after exposure conditions show similar Jsc and Voc
output. However, PEDOT:PSS/Fresh shows less rectangularity with FF compare to PEDOT:PSS/Air
and PEDOT:PSS/Air&light, while MoOs-1 and MoOs-2 present all similar FF for all different
exposure conditions.

Figure S5 shows a statistical view on the devices’ variations in performance, in terms of
short-circuit current density (a), open circuit voltage (b), fill factor (c), power conversion efficiency
(d) and series resistance (e). These have been taken from roughly 200 devices prepared in this
study. Non-functional or obviously impaired devices have been discarded and are thus not
included (they make less than 7% of all devices, with no preference to a condition).
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Figure S1. Relative TPC (normalized by the maximum steady state photocurrent at 300 ps for
each device) at different applied bias of selected devices with freshly prepared HTL and HTL
after air in the dark, air with illumination and humid air exposure in the dark (a) PEDOT:PSS (b)

Mo0Os-1 (c) MoOs-2

—&—-04V
~o—--03V
—A—-0.2V

MoO_-1 Air & light

Normalized Photocurrent (a.u

0.0 MoO_-1 Fresh 0.0 MoO,-1 Air 0.0
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400
Time (ps) Time (ps) Time (ps)
(d) (e) (f)
; 1.24 ‘; 1.2 '; 1.2
Z10 < 1.0 € 10l
H ] ]
£ 08 £ 0.8 £ 08
=3 = =
o o o
206 2 0.6 2 0.6-
° 2 2
o 04 o 0.4 o 0.4
3 3 3
N2 N 0.2 N 0.2
© © . © . .
g 0.0 MoO,-2 Fresh g 0.0 MoO,-2 Air E 0.0 MoO,-2 Air & light
0 100 200 300 400 500 = 0 100 200 300 400 500 - 0 100 200 300 400
Time (ps) Time (ps) Time (ps)

500
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ABSTRACT: In this study, we focus on the induced degradation and spatial
inhomogeneity of organic photovoltaic devices under different environ-
mental conditions, uncoupled from the influence of any auxiliary hole-
transport (HT) layer. During testing of the corresponding devices
comprising the standard photoactive layer of poly(3-hexylthiophene) as
donor, blended with phenyl-Cg -butyric acid methyl ester as acceptor, a
comparison was made between the nonencapsulated devices upon exposure
to argon in the dark, dry air in the dark, dry air with illumination, and humid
air in the dark. The impact on the active layer’s photophysics is discussed,
along with the device physics in terms of integral solar cell performance and
spatially resolved photocurrent distribution with point-to-point analysis of
the diode characteristics to determine the origin of the observed integrated
organic photovoltaic device behavior. The results show that even without the
widely used hygroscopic HT layer, poly(3,4-ethylenedioxythiophene):poly-

ID nm
Glass substrate |

(styrenesulfonate), humidity is still a major factor in the short-term environmental degradation of organic solar cells with this
architecture, and not only oxygen or light, as is often reported. Different from previous reports where water-induced device
degradation was spatially homogeneous and formation of Al,Oj; islands was only seen for oxygen permeation through pinholes in
aluminum, we observed insulating islands merely after humidity exposure in the present study. Further, we demonstrated with
laser beam induced current mapping and point-to-point diode analysis that the water-induced performance losses are a result of
the exposed device area comprising regions with entirely unaltered high output and intact diode behavior and those with severe
degradation showing detrimentally lowered output and voltage-independent charge blocking, which is essentially insulating
behavior. It is suggested that this is caused by transport of water through pinholes to the organic/metal interface, where they
form insulating oxide or hydroxide islands, while the organic active layer stays unharmed.

KEYWORDS: organic solar cells, spatial homogeneity, photocurrent mapping, parallel microdiodes, environmental degradation

B INTRODUCTION

To date, record efficiencies of lab-scale OPV devices have been

Organic photovoltaic (OPV) cells are considered to be a
promising low-cost alternative source of renewable energy
compared to traditional inorganic solar cells due to their
advantages of easy fabrication, low manufacturing cost, light
weight, mechanical flexibility, and environmental friend-
liness.'™* Because of the short diffusion range of photo-
generated excitons in organic semiconductors, the most
commonly used photoactive layer structure in OPVs is the
donor/acceptor bulk-heterojunction (BH]J), basically consisting
of a blend of donor and acceptor. One intensively studied BHJ
system is the blend of the conjugated polymer poly(3-
hexylthiophene) (P3HT) for its excellent carrier mobility and
a highly ordered packing structure™ and the fullerene acceptor
[6,6]-phenyl-Cg,-butyric acid methyl ester (PCBM).”? In a
typical BH] OPV architecture, this photoactive layer is
sandwiched between two electrodes, and eventually additional
charge-selective interlayers in-between, to enhance collection of
the photogenerated charges and decrease leakage currents.'”~"*

< ACS Publications  © 2017 American Chemical Society
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reported in the range of 10—12%." However, irreproducibility
and instability are still major problems for this type of device,
and these issues lead to performance variations of up to 10%
batch-to-batch on identical devices. Therein, the operation
environment has been identified as playing a critical role as a
potential source for OPV degradation, with four main factors
primarily responsible for limiting stability: oxygen, water, light,
and heat.'™® Deterioration by photo-oxidation of the
conjugated polymer, diffusion of foreign atoms creating charge
traps and recombination centers, corrosion of the electrodes, or
thermally induced morphological reorganization are only a few
examples of the manifold effects ClCCLI]Il'i.llg.lﬁ'l? In some cases,
degradation is even accelerated by introducing certain auxiliary
layers into the device architecture. A well-known example is the
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prominent hole-transport (HT) material poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS), once popular for its advantageous solution
Processabi]jtg, high transparency, work function, and con-
ductivity.w'l' When applied between the inorganic indium-tin-
oxide (ITO) electrode and an organic semiconductor, its
function is to block electron transport and lower the hole-
extraction barrier to the anode. Unfortunately, the hygroscopic
acid component PSS causes electrode corrosion in humidity,
leading to indium diffusion, instability, shorter life times, and
spatial inhomogeneity of devices.**™*® To circumvent these
problems, alternative interlayers such as transition metal
oxides™ " have been used to substitute PEDOT:PSS as HT
layers in OPVs. Despite the fact that numerous long-term
degradation and stability studies with standard OPV device
architectures have been reported, only a few publications have
been dedicated to the study of de§radati0n and homogeneity,
free of the influence of HT layers. 7

This work aims to fill this gap by studying the short-term
environmental effects on standard P3HT:PCBM OPV devices
in the absence of any HT layers between the ITO electrode and
photoactive layer. The architecture of the devices studied is
shown in Figure 1. Thereby, a comparison was made between

ITO (120 nm)
| Glass substrate

Figure 1. Illustration of the device architecture for hole-transport layer
(HTL) free organic solar cells investigated in this study.

exposure to different environments: in argon, dry air, or humid
air in the dark, and in dry air under illumination. Different sorts
of imaging techniques have been used in the past to monitor
degradation of optoelectronic devices.”® ™ In photovoltaics,
laser beam induced current (LBIC), is a prominent method for
mapping the photocurrent response across the device area and
thus localizing fabrication/degradation defects.””*' ™** Addi-
tionally, local photocurrent—voltage characteristics at different
sites of the device can be used to identify the nature of the
defect causing the locally diminished photocurrent. This
technique was adapted from photovoltaic module testing,
where the physics of the entire module is determined by the
physics of assembled subdevices.” In the case of a single solar
cell, the spatial distribution of heterogeneously responding
areas can be seen as parallel-connected mjcmdicn:le:s,*’6 which
has been demonstrated for polycrystalline inorganic thin-film
solar cells, for example, by Karpov et al.¥’

By connecting global device behavior with such spatially
resolved characteristics and photocurrent imaging, we can gain
knowledge about the predominant factors causing initial
performance loss of the devices shortly after fabrication.

B EXPERIMENTAL SECTION

Materials. Poly(3-hexylthiophene) was supplied by Rieke Metals,
Inc. (molecular weight S0—70 kg/mol, regioregularity 91-94%). [6,6]-
Phenyl-Cg-butyric acid methyl ester was purchased from Nano-C Inc.

1Ub

(99.5% purity). Anhydrous chlorobenzene, as solvent for the organic
semiconductors, was purchased from Sigma-Aldrich. All materials were
used as received. ITO-coated glass substrates (20 Q/sq; Ossila Ltd.)
were cleaned by sonication in acetone and 2-propanol, followed by O,-
plasma etching (100 W for 30 min) briefly before use.

Sample Preparation. Standard P3HT:PCBM solar cells without
HT layers were fabricated with the layer structure ITO/
P3HT:PCBM/LiF/Al The active layer was app]ied d_irectly onto
patterned ITO glass by spin-coating from a solution of P3HT and
PCBM (1:1 weight ratio, each 18 mg/mL in 70 °C chlorobenzene) at
1500 rpm for 60 s, followed by annealing at 120 °C for 5 min. The
obtained active layer thickness was around 150 nm. The cathode was
thermally evaporated as a bilayer of LiF (2 nm)/Al (100 nm). Active
layer samples for photophysical testing were prepared as described
above on spectrosil quartz substrates. For mimicking the different
environmental conditions, the nonencapsulated devices were exposed
to static argon (Ar), dry air with <20% relative humidity (air), or
humid air with >80% relative humidity (H,0) without any
illumination, and to dry air under white light illumination (tungsten
halogen, 10% equivalent of AM1.5G) (air and light), respectively.
Durations of exposure were varied between 0 and 240 min, and
devices were characterized immediately after. Active layer samples
were treated accordingly. The ambient temperature was around 25 °C
for all conditions. To avoid additional effects from long-term
phutucurrent mapping in air, expﬂsed devices were encapsulated
before measurement.

Characterization. UV—vis optical absorbance spectra of the
P3HT:PCBM active layers were recorded between 300 and 800 nm,
using a Shimadzu UV-1800 UV—vis spectrophotometer. Fluorescence
spectra were acquired on a Fluurulclgfi spectruﬂuurumeter (Huriba
Jobin Yvon) equipped with a near-infrared-sensitive photomultiplier
R2658 from Hamamatsu (300—1050 nm). Excitation wavelength was
530 nm. The absolute luminescence quantum yields were determined
using an integrating sphere from Horiba. Both UV—vis absorbance
spectra and fluorescence spectra were recorded in air. The photo-
current density—voltage (J—V) characteristics of the solar cells without
encapsulation were measured in argon (glovebox) under simulated
solar illumination (AM1.5G) at 1 sun (100 mW/cm?) (solar simulator,
model 10500; Abet Technologies) using a computer-controlled
Keithley 2636 A source meter. Their spectral response was recorded
from external quantum efficiency (EQE) acquired for wavelengths
from 375 to 900 nm, using a 250 W white light source (tungsten
halogen) with monochromator, with a computer-controlled Keithley
2636 A source meter and calculated against a calibrated silicon
photodiode. Spatial photocurrent distribution was determined by the
laser beam induced current (LBIC) method, scanning with a
cumputerfcuntrulled HEIﬂCI]TlEID.‘lPl]lEltCIl’*d]"]VEH xy-stage (NanoControl
NC-2-3; Kleindiek Nanotechnik), and with excitation from the glass/
ITO side with a 532 nm laser (<5 mW) with a focused spot-size of ~2
pm. For spatial photocurrent mapping, local short circuit current was
scanned with a 40 ym step size across the entire photoactive pixel area
of 40 mm X 15 mm (Figure 1). Local photocurrent—voltage
characteristics for point-to-point analysis were taken in line-scans
along the long side of each pixel, scanning from left (0 mm) to right (4
mm) with a 200 ym step size. EQE, LBIC, and local photocurrent—
voltage characteristics for point-to-point analysis were performed on
enc;lpsu]ated devices to prevent avertible further effects by measure-
ment in an air atmosphere.

M RESULTS AND DISCUSSION

Integral Device Behavior. To understand the type and
dynamics of the effects of different environments on OPV
devices, the repeatedly exposed devices were analyzed depend-
ing on duration and atmosphere. Additional short time light
exposure during measurement was confirmed to be negligible
with respect to the relevant effects in this study. The solar
photocurrent density—voltage (J—V) characteristics of the
devices after exposure sequences of 60 min up to a total
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Figure 2. (a) J=V characteristics of devices changing from pristine state over repeated 60 min environmental exposure sequences up to 240 min
under a_rgun/dﬂrk, air/dark, air/]_ight, and humidjty/dzu’k exposure. (IJ) Overview of solar cell key values chzmging with increas'mg exposure time at

different environmental conditions.

duration of 240 min are shown in Figure 2a. The respective
solar cell key values, such as short circuit current density (J5.),
open circuit voltage (Voc), fill factor (FF), power conversion
efficiency (PCE), and series resistance (Rg) were extracted/
calculated from the corresponding characteristics and are
summarized in a plot in Figure 2b for better visibility of even
small changes. Before exposure, all devices showed identical
characteristics (Figure 2a) and key values (Figure 2b), with a
Jsc value of almost 10 mA/cm?, a V- value of 0.5 V, an FF of
almost 60%, and a resulting PCE of about 3%, confirming their
comparability. The argon test series acted as the blind sample in
this study, to account for environment-independent material
relaxation and aging, but also for effects by measurement
conditions. This is necessary because for P3HT:PCBM solar
cells in particular, significant morphological changes to the
active layer have been observed during operation,38 different to
the same active layer within an inverted conﬁguration.w
Accordingly, the J—V characteristics of the devices that were
exposed to argon (Figure 2a) show, as expected, the least
variation over exposure time, with equal shape of the curves,
slopes, and V¢. Only an insignificant decrease in photocurrent
Jsc is noticeable, whose cause is suspected to be the minor
decay of the active layer due to repeated applied voltage under
illumination during characterization. The consequent lowered
Jsc leads to a slightly lower PCE, whereas all other values are
stable (Figure 2b, black squares).

Compared to that, nonilluminated air-exposed solar cells
(Figure 2a) showed a slightly stronger reduction of photo-
current over exposure time. Looking at their key values (Figure
2b, red circles), it can be seen that the V¢ is weakly affected
and the series resistance is slightly increased. This indicates a
slightly accelerated aging process, compared to samples stored
in inert gas. If devices are exposed to air under illumination, a
condition commonly feared to cause detrimental photo-
oxidation of the active layer, here, merely the same scale
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small variations as for the air/dark sample are seen (Figure 2a).
In comparison with the air/dark series, the key values of the
iluminated air devices (Figure 2b, blue triangles) show
identical development of Jsc over time, and also only minor
changes to V¢, but differ by presenting a small decrease in fill
factor and an increase in series resistance. However, this still
very similar behavior indicates that low intensity light sources
(here 10% intensity of 1 sun) do not lead to further device
degradation. In contrast to that, devices that were exposed to
humid air without illumination show detrimental development
with exposure duration. This is immediately visible from their
J—V curves (Figure 2a), which show considerable reduction of
photocurrent with increasing exposure time. Thereby, Jsc
dramatically decreases by 25% within the first 60 min and
continues to decay by up to 75% after 240 min of exposure. By
looking at the key values of the devices of the humidity series
(Figure 2b, green stars), an observation is that the significant
increase in series resistance with exposure time shows the
strongest direct effect on Js, whereas the related FF and Vo
are relatively little affected. With Jsc as the main humidity-
responsive factor contributing to PCE, the efficiency also
follows the trend of photocurrent development. The relatively
small response of V- and FF to humidity implies that the
effective bandgap of the active layer stays unchanged and no
major leakage currents were generated after exposure. The
trend of all factors (Vg Jscr FF, Ry, and PCE) for the devices
with Ar/dark, air/dark, and air/light exposure are relatively
similar. The slight efliciency losses that occur are dominated by
a drop of Js¢, which corresponds to the rise of series resistance
(Rg). In the case of the device series with humidity exposure, Rg
increases considerably, giving rise to the suspicion that
humidity led either to degradation of the bulk active layer
material or generation of interfacial barriers at the electrodes.
To clarify which major mechanisms are responsible, further
characterization was acquired and is discussed in this paper.
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Numerous past publications refer to oxygen/humidity-based
degradation of the organic/electrode interface in OPV devices,
with quite differing arguments about the actual role of water
alone. Often observed are voltage-dependent interfacial charge-
transfer barriers, typically recognizable from S-shaped |-V
curves with lowered fill factor and reduced V. *'®%0*
However, in the present case, the J—V curves did not
deteriorate and both FF and V. were barely affected,
indicating that the interfacial charge-transfer efficiency between
the active layer and electrode is unaltered during exposure.
Further, the J—V curves of all exposure conditions show still
parallel slopes at the intersection with the current axis (Jsc
region) with increasing aging time, implying that shunt
resistance (Rgy) also stays unchanged, therefore treatment
also had no effect on the magnitude of leakage currents of the
device.

Photophysics and Photoresponse. Beside the magnitude
of Jgo, the spectral response of a solar cell can also carry
valuable information on its physical properties. The external
quantum efficiency (EQE) is determined by Jsc per wavelength,
and is a measure for the spectral response of the device.
Although the total magnitude of EQE follows the trend in
photocurrent as presented before, the normalized EQE spectra
allow further assumptions by visualizing potential spectral
deterioration. Figure 3 shows the normalized EQE spectra of
the devices following 240 min exposure at different conditions.
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5 0.84 —0—Air
= 0.8
w —A— Air & light
& o.- y % HO
b=l 3
8
5 0.44
E
5
= 0.2

0.0 e
400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 3. Normalized EQE spectra of devices following 240 min
exposure in different environments.

The spectra of those solar cells exposed to Ar/dark, air/dark,
and air under illumination all exhibit the congruent signature
shape for EQE of the P3HT:PCBM OPV devices, which is a
broad peak from 380 to 700 nm with a maximum at 500 nm
and a subtle shoulder at 620 nm, basically mirroring P3HT
absorption (compare also Figure 4a). Only upon humidity/dark
exposure does a deviation of the EQE spectrum occur,
noticeable as a flattening of the peak at the long-wavelength
side. Potential reasons for this effect could be degradation
either of the active layer material or the organic/electrode
interface. In the first case, degradation alters the absorption
spectrum of the active layer material. In the second and (as
becomes clear in the following) more likely case, the flattening
at long wavelength is caused by the diminishing number of
charge carriers created in the back part of the solar cell, close to
the LiF/Al cathode. The reason for this is that long-wavelength
radiation has a larger penetration depth in P3HT:PCBM,
therefore a large contribution of charges is coming from the
entire volume of the active layer, whereas at 500 nm peak
absorption, the penetration depth is small and thus
contributions are mainly from the front of the cell, dose to
the ITO anode. Similar effects have been reported in the past,
most prominent is the M-shape deterioration of EQE, caused,
for example, by self-absorption by a too thick active layer, or in
cases of degradation or barrier behavior, near the transparent
anode.™ In the present case, the loss of charge carriers at higher
wavelengths could therefore indicate degradation of the active
layer near the electrode or the organic/cathode interface.

Monitoring the absorption and emission behavior of
conjugated polymers has proven to be useful to recognize
changes, for example, due to Photob]eaching effects caused by
photo-oxidative degradation.4' ~ To investigate how exposure
environments affect the active layer alone, its UV—vis
absorption and photoluminescence (PL) properties after 240
min exposure to the respective atmospheres were investigated
and compared to the pristine state. The relevant spectra are
shown in Figure 4. The absorbance of the active layers (Figure
4a) shows the expected features of both blend components,
which is the absorption of PCBM in the UV region below 350
nm and the characteristic P3HT peak at 500 nm with the small
vibrational shoulder at 620 nm. In comparison, the spectra look
identical, apart from a negligibly higher general absorption of
the pristine sample. The emission behavior of a conjugated
organic molecule is an even more sensitive marker to spot
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Figure 4. UV—vis absorbance (a) and normalized emission spectra (b) of PAHT:PCBM films in pristine form or after 240 min exposure to different

environments.
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Figure 5. LBIC maps of device area (1.5 mm X 4.0 mm) upon exposure to different atmospheres for 60 min (a) and 240 min (b).

degradation. However, looking at the shape of the normalized
PL spectra (Figure 4b), again all samples exhibit the typical
P3HT features in the form of the 0—0 emission at 650 nm and
the 0—1 emission at 720 nm, with no significant shift of the
peaks or changes of the 10—0/I0—1 ratio. In addition, the
absolute photoluminescence quantum efficiency of the films
was determined as 0.33% for the fresh samples and 0.29% for all
exposed samples with no difference between argon, air,
illumination, or humidity treatment. This rather small change
between fresh and any aged sample, with no relation to the
applied different environmental conditions, originates most
likely from relaxation of the film. Therewith, the photophysical
results confirm that the applied exposure processes in this study
do not harm the active layer, at least if separated from the rest
of the stack, that is, without contact with the electrode material.

Spatially Resolved Device Characteristics. To gain an
understanding about the mechanism behind the loss of
photocurrent, which seems to occur without apparent active
layer degradation or interface barrier formation, the spatial
homogeneity of the device physics across the solar cell area was
investigated. Therefore, overview maps of the local photo-
current of respective solar cells after different environmental
exposures were generated by LBIC scanning at 532 nm
illumination. The normalized photocurrent density maps are
shown in Figure S for 60 min (a) and 240 min exposure (b).
For reference, a corresponding map of a fresh device before
exposure is provided in Figure S1, Supporting Information. The
device stored in an inert Ar atmosphere in the dark shows, as
expected, a very homogeneous high output area, independent
of the exposure time. Merely at the edges of the pixel area and
at a few central spots (%90—130 ym in size), the photocurrent
is lowered to around 90% of the original performance, which
might be due to regular morphological inhomogeneities of the
devices.'” These images represent the basic spatial performance
without further environmental influence. Upon exposure to air/
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dark and air under white light illumination, a very similar
pattern is found: compared to the argon-stored devices, the
number of low-current-spots increases by a factor of 2 for both
conditions, whereas the average lateral dimension of the spots
remains constant. The extent of deficiency of most spots is
similar to that for the ones found in the argon samples, still
reaching around 90% of the original performance, but there are
also a few spots where photocurrent is reduced down to 80%
after 60 min or even below after 240 min. This means that there
is a small effect caused by oxygen exposure but no significant
effect seen from additional illumination. A completely different
picture is drawn by exposing the devices to humidity in the
dark. After only 60 min exposure, the solar cell area shows spots
and larger islands of failing photocurrent output, almost down
to less than 10% of the original performance, whereas the other
parts of the cell show an unchanged high output of 100%. The
density of low-output zones was calculated to be 1/5 of the
pixel area. At exposure beyond 60 min, this humidity-caused
local device failure continues to propagate. After 240 min, there
are only a few islands of unaltered high photocurrent output
left, and the majority of the area is characterized by a quite
homogeneous low-output zone with less than 10% of the
original photocurrent. Here, a calculation of the low-output
area corresponds to about 3/5 of the device.

The observation of island-like device failure upon humidity
exposure is different to previous reports, for examp]e, by
Madogni et al.,*® who showed that only on exposure to oxygen
did formation of islands by growth of AL, O; at the metal/
organic interface occur, and instead homogeneous (photo)-
degradation was caused by H,O. However, as many studies in
the past were commonly undertaken on devices containing also
the hygroscopic hole-conductor PEDOT:PSS, the question is if
on those occasions PSS-caused corrosion might have over-
shadowed other humidity effects.
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Figure 6. Local photo-J—V curves recorded at different points along the long side (4 mm) of the 240 min-exposed (Ar/dark, air/dark, air/light, and
humidity/dark) solar cells (a) and the respective parameters extracted from the local photo-J—V characteristics plotted over the scan-position on the

pixel (b).

Probing and comparing the local device physics in areas of
high and low output might allow the cause of the locally
lowered photocurrent to be isolated, and thus help to identify
potential bulk material or interface degradation mechanisms
connected to it. For that purpose, local photocurrent—voltage
characteristics were recorded across the area of 240 min-
exposed solar cells for point-to-point analysis. Figure 6a shows
the local photo-J—V curves from a central line-scan along the
long side of 4 mm solar cell pixels for the four conditions Ar/

dark, air/dark, air/light, and humidity/dark. The solar cell
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parameters Jsc, Voo FF, R, and PCE, as extracted/calculated
from those photo-J—V characteristics, are plotted over their
position on the pixel in Figure 6b. For better visibility of any
performance scattering between local J—V characteristics across
a device area (Figure 6a), the curves are color-coded in regard
of their achieved photocurrent. Thereby the “devices’ best
curve” is represented by a dark red line, with a Jsc of around
—022 mA/cm® for all conditions, and then following the
rainbow in sensible steps of decreasing J. (bright red, orange,
yellow, green, turquoise, light blue, dark blue, and purple). As
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expected from the photocurrent maps (Figure S), the device
stored in argon without illumination exhibits the smallest
deviation from the “best curve” and also no gradual
performance scattering, but a majority of points on the device
with maximum performance and only a few singularities with
slightly lowered photocurrent, but only down to —0.21 mA/
cm? for the worst point. Again, air/dark and air/light exposure
lead to very comparable results, with a larger deviation from the
“best curve”, compared to argon/dark. Still, it is clear that the
majority of the measured points deliver maximum performance
and only some singularities, but more than that for Ar/dark,
show lowered photocurrent, down to a Jsc of —0.17 mA/cm?
This agrees well with the impression from the photocurrent
map (Figure 5). Also, for the latter three conditions, the Ve
remains unchanged and slopes are stable, which makes any
changes to charge injection/extraction or leakage unlikely as
reasons for the diminished photocurrent. Contrary to the
previous conditions, exposure to humidity without illumination
leads to tremendous scattering of the local J—V curves with Jq-
varying between —0.22 and —0.01 mA/cm”. Thereby, also, the
population of the curves with best performance is considerably
decreased, and a larger number accumulates at a Jo- of —0.06
mA/cm? instead. The trend between the four conditions
becomes even more obvious when comparing the normalized
(to each solar cells’ maximum) location-resolved plotted solar
cell parameters (Figure 6b). Please also note that the resistance
is normalized to the devices’ overall maximum, meaning a
constant “high” Rg does not indicate a high resistance, but
merely a very small magnitude of change across the device area.
As expected from photocurrent mapping (Figure 5), the Ar/
dark device clearly exhibits the highest spatial homogeneity,
with very constant values for [, Voo, FF, Ry and PCE across
the entire area, except for a slight drop of Jsc (and with it in
PCE) at the pixel edges.

The latter is caused by the nonsharp border of the pixel area,
which is defined by the dimensions of the evaporated LiF/Al
electrode patch. Vapor deposition through a shadow mask is
usually accompanied by formation of a small diffuse zone
(gradually fading thickness) at the edges, which here might lead
to gradually lower photocurrent, depending on the location at
or the distance from the cathode patch.su Consistent with the
photocurrent maps and local J—V curves, the devices exposed
to air/dark and air/light also show comparable parameter plot
patterns. Thereby, Jsc, Voo, FF, Rg and PCE are almost
constant across the area, except for some singularities, which
show a lowered photocurrent (and PCE) but with other values
remaining constant. Both devices also show the edge effect
observed in the argon/dark sample, even slightly more
pronounced by a slightly stronger decreased photocurrent. In
contrast to those three conditions, the humidity/dark exposed
sample shows a dramatic pattern in the parameter plot, with
strong local variations. Thereby, regions of barely affected high
Jso» Voo FF, and PCE, and relatively low Ry are neighboring
areas with heavily increased resistance Rg, J5c almost lowered to
zero, and further, not as strongly affected but still lowered Vo
and FF. Also, after humidity exposure, edge effects are visible
and seem more heavily pronounced than for the other samples.
Although one might assume that this originates from humidity
diffusing underneath the “impenetrable” LiF/Al patch, the
photocurrent maps (Figure 5) of the humidity/dark device
exhibiting barely affected regions along the edges rather suggest
this is due to an overlap of the edge with a “degraded region”
within the scan range. These findings correlate very well with
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the observed integral device performance under the different
environmental conditions (Figure 2). Despite the fact that for
the integral performance, an AMI1.5G standard white light
source was used, and a green laser diode was used for the
photocurrent scans, the trend of the overall device performance
is obviously a consequence of the summarized local properties.
The question is still which chemical/physical processes lead to
the observed local behavior. Here, the literature gives us some
known facts and options, including which parameters of a solar
cell are usually affected by which kind of mechanism:*** a
lower FF indicates a reduced interfacial charge-transfer
efficiency between different layers, for example, the active
layer and electrode interface. Higher series resistance is usually
caused by either larger contact resistance at the active layer/
electrode interface or by deterioration of the bulk active layer
material. A decrease of Vo may be a sign of a reduction of
active layer/metal electrode interface, a lowered effective
bandgap of the donor/acceptor couple (e.g, by material
degradation), or a change in electrode work function. The drop
in Joc may represent degradation of the active layer, which
decreases the photon absorption, and alters the charge mobility
and exciton dissociation efficiency, and/or deterioration of the
electrode /active layer interface, limiting charge carrier transport
and collection el"ﬁcienc:y.40 To obtain a definite answer to
whether the observed behavior comes from degraded active
layer in contact with an electrode (because pure active layer
degradation was already excluded earlier from photophysical
characterization) or from interface degradation, the charge
transport characteristics of the exposed ITO/P3HT:PCBM/
LiF/Al devices were studied.

Charge Transport. Charge mobility of the devices was
extracted by modeling the dark current under forward bias
using the space-charge-limited expression for the current
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where i is the zero-field mobility, y is the field activation
parameter, Jsc; is the current density, € is the permittivity, V_,
is the internal voltage, and L is the film thickness. Assuming
that the barrier for injection of electrons into the PCBM lowest
unoccupied molecular orbital from the Al electrode is higher
compared to the injection of holes into the P3HT HOMO
from ITO, these devices will be hole-dominated under forward
bias, therewith, the values are expected to be close to the hole
mobilities in the P3HT:PCBM blend. Although the absolute
values might be higher than those in a true hole-only device,**
the values will allow a relative comparison between the different
exposed devices. The space-charge-limited current character-
istics and the respective fits of devices after exposure to Ar/
dark, air/dark, air/light, and humidity/dark are shown clearly
for 240 min exposure in Figure 7.

The complete table of fitting parameters and derived charge
mobilities at exposures of 60 and 240 min, respectively, is given
in the Supporting Information. Beside the devices’ constant
parameters L and ¢, V,; and fitting parameter y were also quite
comparable between the different devices and conditions. First,
the mobilities were fitted for all devices using the current
density for the nominal device area of 6 mm’. For 60 min
exposure, the zero-field mobilities were 1.29 X 107" m*/(V s)
for Ar/dark, 1.24 x 107 m*/(V s) for air/dark, 1.31 x 1077
m*/(V s) for air/light, and 9.5 X 10~* m*/(V s) for humidity/
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Figure 7. Current—voltage curves of 240 min-exposed ITO/
P3HT:PCBM/LiF/Al devices (solid lines with symbol) with according
fits to the space-charge limited model (dotted lines).

dark. Although the values for argon and air, with or without
illumination, are equal within the level of accuracy and
comparable with common values for P3HT:PCBM devices,™
the humidity-exposed sample shows a 25% reduced charge
mobility. However, following the observations from the
photocurrent mapping that a fraction of 1/5 of the 60 min
humidity/dark exposed device area was failing to contribute,
the question is whether the material or the contact area is
affected. Therefore, we repeated the fit with a corresponding
area-corrected (80% of 6 mm?*) current density, and obtained a
mobility of 120 X 1077 m*/(V s), therewith, within the same
range of the other devices. After an exposure time of 240 min at
the different conditions, the obtained mobilities were 1.46 X
107" m*/(V s) for Ar/dark, 1.24 X 107" m*/(V s) for air/dark,
and 1.31 X 107" m*/(V s) for air/light, which means that for
these three conditions, the longer exposure does not have a
significant effect on the mobility. Only for the humidity/dark
conditions was the mobility even lower than before with only
5.96 x 107 m*/(V s) for the nominal device area. However,
the fit using only the intact fraction of the device area, which
was estimated from photocurrent mapping with 2/5 (40% of 6
mm?), produced a mobility of 1.19 x 107" m?/(V s), which is
again comparable to other exposure conditions. These results
support the image of a stable and unchangeable performance of
the active layer, independent of environment and duration.
Therefore, the aforementioned lowered [, Vo, and increased
R; is not induced by active layer degradation in the present
case.

Discussion. The presented results show clearly that
exposure to dry air, whether illuminated or not, only induces
a minor efficiency decrease of P3HT:PCBM devices without a
hole-transport layer, when compared to those stored in argon
in the dark. This subtle decrease is caused by singularities in the
device area of slightly diminished photocurrent, whereas Vg,
FF, and Rg are not affected in these positions. As these point
defects have about the same lateral dimensions as those seen
for the Ar/dark devices, even if these show negligible current
fluctuations in these spots, it is suspected that these are material
defects present in any device, for example, foreign atoms or
particles, which might act as potential reaction sites when in
contact with oxygen. This is supported by the fact that the size,
density, and intensity of these spots is independent of exposure
time or illumination. Accordingly, also no barrier behavior,
active layer photodegradation, or mobility decrease is
noticeable in these devices. Exposure to humidity in the dark,
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on the other hand, obviously triggers serious efliciency losses in
the HTL-free solar cell. From a purely photophysical point of
view, the P3HT:PCBM blend was observed to be stable under
the applied conditions, even after long exposure times, which
confirms the lack of any significant water-related degradation of
the active layer itself. However, this does not eliminate the
possibility of interface reactions of the organic donor/acceptor
catalyzed by or with the electrode material. On this occasion,
the EQE spectra, which join photophysics with device physics,
indicated a diminished contribution of charge carriers at the
LiF/Al side of the humidity-exposed device, which identified
the “problem side” of the device. This is clearly different to
PEDOT:PSS-containing standard solar cells, where humidity-
caused degradation is majorly induced at the anode side and
often ascribed to ITO corrosion by PSS and/or its hygroscopic
behavior, fostering water uptake and in the cause of layer
swelling, delamination. The present disturbed photocurrent
generation on the aluminum side could have its origin in
limited charge transfer from the organic to the LiF/Al cathode
or in diminished generation/transport of charge carriers within
the active layer close to it. In the literature, water-induced
degradation has been associated with the formation of
interfacial oxide and S-shaped current—voltage characteristics.
Although we can see island-like failure areas of diminished
photocurrent, and they do show a subtle drop in V- and FF in
the local scan, we do not observe any classical indications for
voltage-dependent barrier formation near the electrode, nor
failing charge transfer, which would result in a deteriorated
current—voltage characteristic. Instead, an increased series
resistance in the local failure regions seems to dominate. This
is also supported by the charge mobility evaluation, which
clearly shows intact unchanged transport behavior, if the
“failure areas” are neglected. Therefore, it is assumed that the
active layer, even in contact with the cathode, is still widely
intact. However, the charge carriers generated in such a region
have to be transported a longer distance to an intact electrode
area to be extracted, which leads to a virtually higher resistance
and the noticeable but small local FF and V5 decrease. In
consequence, the properties of the partial contributions from
regions with disturbed contact areas, do not have a significant
impact on the total integrated device properties, except for the
loss of photocurrent. Therefore, no change in FF and V¢ is
visible for the integral device performance of the humidity/dark
device. However, in the literature, the opinions about the role
of humidity or oxygen in organic solar cells are contradictory,
or no differentiation is made at all. A report by Hermenau et
al** is one of the few which documented them separately.
Thereby, they found that both molecular oxygen and water
diffuse through the aluminum electrode. According to their
results, oxygen diffused rather through selected pinholes in the
aluminum film, forming Al,O, islands near the organic interface
as a consequence. For water, they suggested diffusion along the
grain boundaries of the evaporated aluminum layer, resulting in
rather homogeneous degradation of the device. Although we
can definitely confirm their further observation that humid air
seems more reactive than dry molecular oxygen, which is well
known from metal corrosion, we cannot confirm the
homogeneous degradation by water. Therefore, we suggest
that in the present case, water diffusion is also rather subject to
pin hole-transport. We assume that at the bottom of this pin
hole, it might react to form an oxide or hydroxide, but
apparently to such an extent (regarding its thickness) that it
cannot be overcome by an applied voltage, and rather leads to
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completely insulated areas. The presence of LiF underneath the
aluminum might also have some effect. Although it is still not
entirely clear why a sub monolayer of LiF between the organic
acceptor and aluminum electrode improves the devices, it is a
known fact that LiF added to aluminum melts acts as an
oxidation inhibitor by the formation of AIF at the surface. It is
very likely that also in this case, this could have prevented the
formation of interfacial oxide in the air/dark and air/light
devices in this study. In humid conditions, the LiF layer might
get partially dissolved, exposing a fresh aluminum surface,
which then would quickly react with water via Al;" + H,0 —
Al(OH); + 3H". This might not only cause formation of an
oxide/hydroxide island but also, due to the production of
hydrogen, lead to delamination of the electrode by formation of
bubbles.

M CONCLUSIONS

We aimed to gain information about the occurring degradation
mechanisms in organic solar cells without the involvement of
acidic PEDOT:PSS, which in standard solar cells dominates the
degradation discussion. Therefore, we investigated the impact
of chosen environmental exposure conditions on the perform-
ance of devices with the architecture ITO/P3HT:PCBM/LiF/
Al, that is, without any hole-transport layer between ITO and
the organic active layer. Among the different conditions, argon
storage acted as the blind sample and was compared to
exposure to dry air in the dark or with illumination, and to
humid air in the dark, with different exposure durations of up to
240 min. We found that the photophysics of the active layer
stay unchanged for all applied conditions, and it showed no
signs of photodegradation. In general, exposure to oxygen (air)
did not lead to significant performance loss. The small
difference to the argon-stored samples seems to originate
from small device defects, which are also visible in traces in the
argon-stored devices. Devices exposed to humid air, on the
other hand, did show huge performance losses during the same
exposure times. EQE spectra identified the aluminum side as
the primary suspect and LBIC scans showed time-dependent
formation of patches of significantly reduced photocurrent
contribution, but instead of the usual interfacial charge
extraction barriers, rather, insulating behavior was found.
Different from previous reports, it is suggested that not only
oxygen, but also water is transported through pinholes in
aluminum to the organic/electrode interface, leading to the
formation of insulating islands and not homogeneous device
degradation. The fact that no island formation is seen for dry air
exposure is assigned to the protective properties of the LiF
interlayer.
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Atmosphere t Lo % R Vi

(min) x107m*Vs) | (x10™ ) (V)
(w/'V)™)

Ar 60 1.29 36 091 0.42

Air 60 1.24 36 0.88 0.42

Air&light 60 1.31 -3.7 0.89 0.42

;0 60 0.95 -3.1 0.88 0.44

full device area

H,O 60 1.20 -3.1 0.89 0.44

area corrected (80%)

Ar 240 1.46 -3.7 0.87 0.42

Air 240 1.24 -3.5 0.90 0.42

Air&light 240 1.31 -3.9 0.92 0.42

H,O 240 0.60 2.9 091 0.44

full device area

H,O 240 1.19 29 091 0.44

area corrected (40%)

Table S1. Summary of the fitting parameters and derived charge mobilities of space-charge

limited current characteristics of devices at exposure of 60 minutes and 240 minutes.

Table S1 summarizes the constants and fitting parameters for each type of samples processed n
this study, 1.e. after 60 min or 240 min exposure in Ar/dark, air/dark, air/light and humidity dark.
Constants during the fit were the devices’ thickness L with 100 nm and the organic materials’
dielectric constant &, which was chosen with the value 3. The build-in voltage Vi,; with values
between 0.42 and 0.44 V and the fitting parameter y with values between -2.9 and -3.9 x 10™
(m/V)"*, were quite comparable between different devices. The quality of the fits, represented by
R, 1s with values around 0.9, generally quite high. The obtained zero-field mobilities of Ar, Air,

Awr&light present comparable values for 60 min exposure and 240 exposure, respectively. The
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humidity-exposed sample show a by 20% reduced charge mobility for 60 min exposure and a
60% reduced for 240 min exposure, compared to other environmental conditions. The reduced
charge mobility is related to the lack of contribution of failing areas as identified in photocurrent
maps (Figure 5). After an according area correction for the humidity exposed devices (80%
effective area for 60 min and 40% for 240 min), the charge mobilities show again comparable

values to other exposure conditions.

In addition to the LBIC maps of 60 min and 240 min exposed devices in the main paper (Figure
5). here the map of a fresh (0 min) device is presented for reference n Figure S1. The high

photocurrent output appears very homogeneous, without any patterns or discrete features.

rel.J (@.u)  Figure S1. LBIC map of the area (1.5 mm x
1.0
I 4.0 mm) of a fresh device before any exposure
08 .
- (0 min).

no exposure .

S-3



Chapter 5
Conclusions

OPV offers the ability of low-cost manufacturing and large-scale roll-to-roll-processing in
the photovoltaic industry due to the properties of materials and solution processability. However,
the efficiency and stability of these types of devices are still far lower than the Si-based SC. A
significant number of studies have been dedicated to improving OPV’s efficiency and lengthening
its lifetime. One of the biggest developments has been achieved by applying the BHJ structure
and the introduction of HTL. PEDOT:PSS, which significantly improves the efficiency of SC, is one
of the most used HTL materials. However, it has also been proved that PEDOT:PSS causes short
lifetime, inhomogeneity and irreproducibility of the device. These correspond to the high
sensitivity of the material to environmental conditions such as oxygen, illumination, and moisture
or its inhomogeneous colloidal feature. Further research regarding the major causes and
degradation mechanisms that limit the device efficiency and lifetime is one way toward
developing high performance and stable OPV. In recent years, spatially resolved techniques have
been widely applied as tools to characterize surface and device performance and localize
fabrication and degradation defects.

Throughout this work, surface and device inhomogeneity of P3HT:PCBM BHJ OPV with
and/or without the influence of HTL were investigated. Three different HTL materials were
compared, one commercial ink PEDOT:PSS, one quasi-continuous MoOs and one colloidal MoOs
from two different precursor solutions. The degradation mechanisms of the device caused by
different environmental conditions, dry air with <20% relative humidity in the dark, dry air with
illumination (10% of AM 1.5G) and humid air with >80% relative humidity in the dark were
studied. The whole work was investigated mainly based on spatially-resolved characterization
techniques, including LBIC, surface morphology, chemical property, and contact potential
difference accompanied by the device physics and photophysics to clarify the causes of device
failure and environmental degradation mechanisms of OPV with and/or without the influence of
HTLs.

Initial work was presented with a comparison of the morphology and contact potential
difference distribution of HTL layers and ITO electrodes and spatial photocurrent distribution of
the OPVs at different scales of resolution to understand the influence of HTL on the device
homogeneity and performance. The results indicated that the homogeneity of the anode film and
device performance was significantly increased with incorporation of any HTL. Regardless of
continuous or nanoparticle layers, MoOs HTLs gave a considerably identical performance with
higher efficiency and homogeneity. Different from the MoOs HTLs, PEDOT:PSS HTL presented
spatial inhomogeneities and charge transfer barriers in the device, which were proved
independent of its colloidal feature.

Next, prepared HTLs were exposed to different environmental conditions and compared
their surface and device inhomogeneity with freshly prepared samples, to gain information on the
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potential degradation mechanisms influenced directly by HTLs with different environmental
effects. The surface and bulk chemistry of the HTLs, along with the devices’ charge transport
dynamics, spatial photocurrent distribution and local device physics were compared. The results
showed that fresh PEDOT:PSS layers presented interfacial resistance due to the rigid
non-equilibrium state, the longer relaxation time of layers leading to the improvement. The two
MoOs films show highly stable electrical behavior and homogeneity for any condition, except for
humidity exposure of the nanoparticle layer. The device with humid exposed MoOs nanoparticle
HTL presented some device failure due to the partial interfacial contact loss upon water-uptake of
the HTL. The device with humid exposed PEDOT:PSS, showed seriously decreased photocurrent
and series resistance corresponding to the hygroscopic nature of PEDOT:PSS. This was caused by
the consecutive swelling and shrinking of the layer on top of the ITO substrate and after
incorporation within the device. When comparing the device’s performance with humid exposed
nanoparticle MoOs and PEDOT:PSS, the photocurrent losses were mainly related to the amount of
absorbed water in the HTL, inducing loss of active area in terms of the partial delamination of the
interfacial contact.

Finally, the study aimed at obtaining the information on the degradation mechanisms in
OPVs without the impact of acidic PEDOT:PSS or other HTLs. The non-encapsulated devices were
exposed to different environments. Here, an Ar-stored sample acted as the blind sample for the
comparison of different exposure conditions. The result showed that the photophysics of the
active layer stayed undamaged without a sign of photodegradation for all different environmental
treatments. In general, devices exposed to dry air did not induce serious performance loss. No
island formation was observed for dry air exposure assigned to the protective behavior of the LiF
interlayer. However, devices exposed to humid air presented significantly reduced SC
performance during the same exposure times. EQE spectra specified the cathode Al side as the
main suspect and LBIC maps showed great photocurrent losses with increasing exposure time
due to the formation of insulating islands as water penetrated into the organic/electrode
interface of the device through the pinholes of Al.

In conclusion, independent of colloidal or continuous form, MoOs has been shown to be a
better candidate for the HTL material, leading to higher performance and homogeneity of the
device, even with the treatment of different environmental conditions. The major environmental
source leading to strong and fast reduced device performance is humid air. The partial contact
loss of SC was observed owing to the delamination at the anode/HTL or HTL/active interface after
nanoparticle HTLs absorbed moisture. The formation of the insulating barrier at the interface
between LiF/Al and the active layer was seen when the device without HTL was directly exposed
to the humid air environment, facilitating the penetration of water into the device from the Al
cathode.
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