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Abstract

Perovskite solar cells are a rising star in the field of thin film photovoltaics. Their efficiency
increased to over 25 % within hardly more than a decade and has thus reached values
comparable to those of crystalline silicon solar cells. The success of perovskite solar cells lies
in the rare combination of easy, low-temperature processability and excellent photovoltaic
properties. However, serious challenges are faced when it comes to their long-term stability.
Degradation can be induced by almost all external factors, such as light, oxygen or humidity.
The mechanisms underlying degradation can be complex and are not yet fully understood.

This thesis’ work takes a look at the response of perovskite solar cells to several different
external stressors, most importantly light, thus contributing to a better understanding of
stability and degradation effects. Similar to other thin film photovoltaics, such as CIGS or
CdTe, metastable responses to illumination can be observed in perovskite solar cells that
is almost fully reversible upon dark storage. In this thesis’ work, these metastable effects
are examined more closely. In particular, the impact of the choice of hole transport layer
is investigated by comparing the stability of cells with organic PEDOT:PSS to cells with
inorganic Cs-doped NiO, as a hole transport layer.

This thesis’ work can be divided into two main parts. The first part comprises the suc-
cessful synthesis, process optimisation and basic characterisation of perovskite solar cells
with the aforementioned hole transport layers. In the second part, the stability of the thus
assembled photovoltaic devices was examined by using different standard testing protocols
(e.g. damp heat testing, dark storage, light soaking) and thin film characterisation tech-
niques (e.g. XRD, EBIC, profilometry, SEM).

The results demonstrate that the choice of hole transport layer has a huge impact on
the stability of perovskite solar cells. Devices with inorganic Cs-doped NiO, exhibit better
long term stability as well as a less distinct metastable response to illumination.






Kurzfassung

Perowskitsolarzellen sind ein aufsteigender Stern im Gebiet der Diinnschichtphotovoltaik-
technologie. Innerhalb kaum mehr als eines Jahrzehnts wurden Rekordeffizienzen von iiber
25 % erzielt. Im Bezug auf ihren Wirkungsgrad kann die Perowskittechnologie also bereits
mit kristallinen Siliziumsolarzellen mithalten. Thren Erfolg haben Perowskitsolarzellen ihrer
kostengiinstigen Verarbeitbarkeit, die weder hohe Temperaturen noch Hochvakuumbedin-
gungen erfordert, und ihren ausgezeichneten photovoltaischen Eigenschaften zu verdanken,
eine vorteilhafte Kombination, die in der Photovoltaik nur selten anzutreffen ist. Allerdings
weisen Perowskitsolarzellen eine Schwachstelle auf: ihre schlechte Langzeitstabilitét. Fast al-
le externen Faktoren, wie zum Beispiel Licht, Sauerstoff oder Feuchtigkeit, kénnen zu einer
Degradation der Solarzellen fithren. Die zugrundeliegenden Prozesse und Mechanismen sind
komplex und noch nicht vollsténdig erforscht.

Die vorliegende Masterarbeit untersucht die Reaktion von Perowskitsolarzellen auf ver-
schiedene externe Stressoren und leistet einen wichtigen Beitrag zum besseren Verstdndnis
ihres Stabilitdtsverhalten. Ein besonderer Fokus liegt dabei auf den beobachtbaren Verdnderungen
unter Beleuchtung. Ahnlich zu anderen Diinnschichtsolarzellentechnologien, wie CIGS oder
CdTe, zeigen Perowskitsolarzellen ein metastabiles Verhalten als Reaktion auf Beleuchtung.
Lichtinduzierte Verénderungen sind fast vollstindig reversibel, wenn die Solarzelle wieder
im Dunkeln gelagert wird. Im Rahmen dieser Masterarbeit wurde dieses metastabile Verhal-
ten genauer untersucht und insbesondere die Rolle der Lochtransportschicht (hole transport
layer) durch den Vergleich zweier Materialien (organisches PEDOT:PSS und inorganisches
Cs-dotiertes NiO,,) unter die Lupe genommen.

Die vorliegende Masterarbeit kann grob in zwei Teile gegliedert werden. Der erste Teil
beschéftigt sich mit der Herstellung, Prozessoptimierung und Grundcharakterisierung der
Perowskitsolarzellen mit den eben genannten Lochtransportmaterialien. Im zweiten Teil wur-
de die Stabilitéit der gefertigten Solarzellen untersucht. Dazu wurden verschiedene Standard
Testverfahren (z.B. Lagerung im Dunkeln, MPP-Tracking, Feuchte-Wérme-Testung) und
Diinnschichtcharakterisierungsmethoden (z.B. Rontgendiffraktometrie, Profilometrie, Elek-
tronenmikroskopie) verwendet.

Die Ergebnisse zeigen, dass die Wahl des Lochtransportmaterials einen grofien Einfluss
auf die Stabilitdt der Perowskitsolarzellen haben. Zellen mit inorganischem Cs-dotierten
NiO, weisen eine bessere Langezeitstabilitit sowie ein schwicher ausgepréigtes metastabiles
Verhalten auf.
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Chapter 1

Fundamentals

In light of our society’s growing energy demand, the finite nature of fossil resources and
the climate crisis we face due to our ongoing excessive CO5 and greenhouse gas emissions,
the development of efficient, low-cost renewable energy sources is more relevant than ever.
Besides wind power and hydro power, solar photovoltaics (PV) show huge potential to
replace non-renewable energy sources, such as coal, petroleum or natural gas [1].

Solar photovoltaic cells directly convert the sun’s energy into electrical power. Their
working principle is based on a two-step process. First, incident solar radiation with a
photon energy greater or equal to the band gap energy of the active material is absorbed,
leading to the generation of an electron-hole pair. In a subsequent step, the generated
charge carriers are separated by the cell’s structure. The electron is transported to the
negative electrode (anode), the hole to the positive electrode (cathode). Thus, electrical
power is generated [2]. If the two terminals are electrically connected, a direct current (DC)
flows. During operation, photovoltaic devices do not produce any chemical pollution or
acoustic noise [3]. They do not require water for their operation nor (chemical) fuel supply,
and they can run independently of the electrical power-grid. Their easy scalability and
transportability further contribute to the versatility of photovoltaic modules, making them
eligible for a wide range of potential applications.

However, the operation of photovoltaic devices is limited by their dependence on light
exposure, their power conversion efficiency (PCE) and their finite lifetime [4]. To date,
crystalline silicon PV modules constitute the oldest and most common solar cell technology
[5]. Typical efficiencies for monocrystalline modules are at about 20 %, while those of
polycrystalline silicon are a bit lower (between 15 to 17 %) [6]. The maximum theoretical
efficiency of a solar cell is described by the Shockley-Queisser limit. It is valid for a single-
junction photovoltaic cell under illumination by the AM 1.5 solar spectrum [3]. The only
recombination mechanism taken into account is radiative, in accordance with the principle of
detailed balance [7]. These considerations result in a maximum value of 33.7 % for a band
gap energy of 1.34 eV [3]. Regarding module lifetimes, manufacturers typically provide
warranty periods in the range of 20 to 25 years for crystalline silicon PV modules [8].
Given that silicon-based solar cells constitute the dominant photovoltaic technology and
are well-established, one might ask what is still driving the ongoing research on new PV
technologies based on materials other than silicon. The main driving force is the lowering of



production costs. In 2018, the silicon wafers for monocrystalline PV modules accounted for
approximately 30 % of the total production cost [9]. Due to its indirect band gap, silicon
absorbs light poorly, which necessitates the use of fairly thick silicon layers. Furthermore,
requirements on the purity of silicon are extremely high and purification processes are both
cost and energy intensive [10]. Thin-film photovoltaic cells are based on alternative materials
that exhibit a much higher absorption coefficient than silicon, drastically reduce the material
consumption and constitute a promising route towards efficient, low-cost PV modules.

1.1 Introduction to perovskite solar cells

Perovskite solar cells are a rising star in the field of thin-film photovoltaics. Research on
the use of perovskites in photovoltaic devices has only just commenced in 2005, originally as
light-sensitiser in dye-sensitised solar cells (DSSC, see section 1.2.6) [11]. Since then, it has
evolved into one of the most extensively researched branches of photovoltaic technologies.
It was soon realised that perovskite materials function more like a continuous p-n junction
than a dye-sensitiser, which lead to the emancipation of perovskite cells from DSSCs and
the establishment of an independent field of research [12]. Within a bit more than a decade,
achieved efficiencies increased from initially 3.8 % [11] to the current record of 25.2 %
efficiency (March 2020) [13], and 16.1 % for modules of about 800 cm? area (May 2019) [14],
both registered by NREL - U.S. National Renewable Energy Laboratory. Such fast progress
is unique in the field of PV technologies.

But what are the reasons for the fast rise of perovskite solar cells? On the one hand,
the perovskite material has proven to be excellently suited for photovoltaic applications,
due to its high absorption coefficient, its long carrier life times and diffusion lengths, its
tunable chemical composition, and most importantly due to its superb defect tolerance (as
summarized in an essay by Egger et al. [15]). The variable composition allows for tuning of
the band gap within the broad range of 1.1 and 2.3 €V [16]. On the other hand, perovskite
photovoltaics have caught on immediately due to their easy processability. Conventional
silicon solar cells require highly pure materials with an accurately controlled amount of
dopants. The purification of silicon involves high temperature processes and cost-intensive
vacuum technologies are needed for further processing. In contrast, thanks to their defect
tolerant nature, perovskite solar cells can be fabricated by simple solution processing (e.g.
spin coating followed by a short annealing step at temperatures <150 °C), that is both
low-temperature and low-cost and does not require vacuum conditions. It is exactly this
combination of excellent optoelectronic properties on the one hand and easy processing
methods on the other that intrigues and fascinates the research community. Generally, one
would expect low-temperature solution processes to produce rather disordered materials
with a high defect density that would thus exhibit very poor optoelectronic properties. This
is however not the case. Interestingly, XRD measurements on solution-processed perovskite
films reveal a high degree of crystallinity and respectable long-range order. Also, the large
carrier life times (ns up to several us) suggest that both grain boundaries and defects are of
benign nature and do not play such an important role in carrier recombination. In a way,
perovskite solar cells combine the best of both worlds: easy processing as that for organic
solar cells, and excellent optoelectronic properties similar to those of conventional inorganic
semiconductors [15].




However, despite the promising efficiencies of perovskite solar cells, serious challenges
are faced when it comes to their long-term stability. Because perovskites are ionic crystals,
and hence salts, they take on water easily which results in degradation of the complex
[17]. Furthermore, the original and still most prominent perovskite composition used in
photovoltaics contains the toxic element lead.

1.1.1 Toxicity of lead

When it comes to the potential of PSCs regarding successful commercialisation, opinions
within the scientific community differ greatly. Reason for this is the presence of the toxic
element lead (Pb) in the perovskite. Though efforts to replace lead have been undertaken,
e.g. by using substitutes such as tin (Sn), germanium (Ge), bismuth (Bi) or antimony
(Sb), so far achievable efficiencies and stabilities do not come close to those of lead-based
perovskites [18]. The most extensively researched substitute is Sn. However, when exposed
to ambient air or moisture, the Sn-based perovskite structure degrades within seconds. This
is due to the inherent instability of Sn®* that readily oxidises to the more stable Sn?™ under
ambient conditions, thus leading to a decomposition of the perovskite compound [19]. So
far, a proper alternative to lead is still missing.

The World Health Organization (WHO) has classified lead, a toxic metal occurring
at low concentrations in the Earth’s crust, as 1 of the 10 chemicals most hazardous to
public health [20]. The release of lead into the environment can be largely ascribed to
human activity, with mining, smelting, use in lead-acid batteries, leaded gasoline, solders,
ceramics and paints representing some examples [21]. Human intake of lead takes place
primarily via ingestion and inhalation. The WHO has summarized its observed effects on
the human body, comprising gastrointestinal, cardiovascular and neurological disturbances
as well as impaired fertility and neurodevelopmental impairment especially in children. In
2010, an expert committee, appointed by the FAO (Food and Agriculture Organization of
the United Nations) and the WHO, stated that dose-response analysis did not indicate the
presence of a threshold for lead intake below which health effects could be considered non-
hazardous [22]. In order to reduce health risks and environmental damages the European
Union has enforced a directive on the restriction of the use of certain hazardous substances in
electrical and electronic equipment (EEE) (RoHS). This legislation applies to 6 substances,
one of which is lead. Up to now, photovoltaic panels are exempted from the directive [23],
i. a. because lead-containing solders are used in silicon-based PV modules [24], but it is
doubtful whether this exemption will remain in force in future. There is a number of people
calling for the inclusion of photovoltaics in the RoHS [25], especially since the exemption is
based on the assumption that a substitution of the hazardous substance is either infeasible
or that the environmental and human benefits of continued use are probable to outweigh the
detrimental impacts on human health and the environment. With lead-free solders steadily
replacing solders containing lead in silicon-based PV modules, this prerequisite is, strictly
speaking, not met anymore [24]. The availability of lead-free PV modules of top performance
invalidates the key reasoning for exempting photovoltaic panels from the RoHS.

Hailegnaw et al. [26] investigated the impact of rain on MAPbDI;3 cells and developed a
worst case scenario. According to their model, precipitation on a damaged module would
result in the complete degradation of the perovskite absorber layer. In case of a broken




encapsulation and the absence of water-protecting layers on top of the perovskite, essentially
all lead contained in the module would dissolve to the ground below. The resulting increase
in lead concentration in the first centimetre of ground was estimated to be =~ 70 ppm.
Since soil particles strongly adsorb lead, the contaminated soil could probably be removed.
Although naturally, any additional source of lead pollution should be avoided, the amount
of lead per GW produced power that is estimated to enter the environment due to damaged
perovskite solar modules is far smaller than that emitted into the air by coal-burning power
stations. However, the environmental impact of lead mining and possible health risks to
workers due to lead exposure during module manufacturing must be considered, too.

But even while bearing all these concerns and possible objections to lead in mind, per-
ovskite solar cells still represent a fascinating and promising field of research. As indicated
below (see 1.2.7), lead-halide perovskites exhibit a unique combination of material proper-
ties, unprecedented in other solar cell materials, that makes them exceptionally well-suited
for photovoltaic applications. So far, many of the underlying microscopical mechanisms,
such as recombination processes or charge transport, lack thorough comprehension. An-
other challenging issue of perovskite solar cells that is not yet well-understood concerns
their stability when exposed to external factors such as oxygen, humidity, heat or light.
Advancing a fundamental understanding of the material as well as of its degradation mech-
anisms may not only result in improved efficiencies and stabilities of lead perovskite solar
cells but may also further the search for appropriate lead-substitutes and may also lead to
technological applications beyond photovoltaic technology.

1.1.2 The perovskite structure

The following section provides an overview of what is already known about lead-halide
perovskites and their extraordinary properties. The perovskite crystal structure was first
discovered in CaTiO3 by the Prussian mineralogist Gustav Rose in 1938 and named after
the Russian Count Lev. A. Perovskiy [27]. Nowadays, the term perovskite refers to a whole
number of materials that exhibit a crystal structure identical to that of CaTiOs, generic-
ally denoted as ABX3 [12]. The class of perovskites relevant for PV applications are the
metal-halide perovskites, in which the X-anion is represented by a monovalent halide ion
(either C17,I” or Br™), the B-cation by a divalent metal ion (most prominently Pb%*) and
the monovalent A-cation either by an organic molecule or an inorganic species [28]. The
perovskite structure can either occur in the ideal cubic form or in several distorted non-cubic
phases, of which the orthorhombic and the tetragonal phase are the most common ones [29].
The occupied phase is of importance as several non-cubic configurations are photovoltaically
inactive [30]. The ideal cubic structure can be best visualized in terms of BX3 octahedra - a
B-cation surrounded by 6 X-anions (see Fig. 1.1b). Those octahedra form a cubic network
by sharing corners in all 3 dimensions. Each void in between 8 octahedra is then occupied
by one of the larger A-cations [31]. If one looks at the unit cell, the A-cations are occupying
the cube corners, the B-cations the body-centred position and the X-anions the face-centred
positions (see Fig. 1.1a) [12]. In total, one unit cell comprises 5 ions.

Whether a specific compound can form a stable 3D perovskite structure depends primar-
ily on the ratios of ionic radii and can be roughly anticipated by the octahedral factor p and




Figure 1.1: Perovskite structure. (a) Crystal structure of ABXs, where A (the
organic cation) is illustrated in green, B (metal cation) in blue and X (halide
anion) in red. (b) An alternative display depicting the BX¢ octahedra, an X anion
surrounded by 6 B cations. (c) Possible structure distortion via tilting of the BXg
octahedra. (Reprinted with permission from Mohd et al. [32]. Copyright © 2018

Elsevier.)
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where Rp depicts the radius of the B-cation, Rx the radius of the X-anion and R4 the
radius of the A-cation. In order to attain stable BX3-octahedra, u needs to have a value
between 0.442 and 0.895 [33]. Regarding the Goldschmidt tolerance factor, ideal packing, i.e.
a minimal volume of unfilled space, is achieved for a value of ¢ = 1. However, in practice, a
cubic perovskite structure can usually be observed for 0.9 < ¢ < 1. Values0.8 < t < 0.9
predominantly result in a distorted perovskite structure with tilted octahedra in order to
make up for the imbalance in atomic radii (see Fig. 1.1c). For ¢t > 1, hexagonal structures
can be observed, whereas values of ¢ < 0.8 lead to other non-perovskite structures [34]. One
should, however, keep in mind that these models only provide a rough indication of what can
be expected for a given composition of ions. An effective way to fine-tune the Goldschmidt
tolerance factor is to combine different A-cations and X-cations (see section 1.3.1).

The electronic band structure of lead-halide perovskites (see Fig. 1.2) looks similar to
that of a conventional inorganic semiconductor. It exhibits a direct or close-to-direct band
gap, which is ideal for efficient photon absorption. Interestingly, the (organic) A-cation
does not contribute to the frontier bands. Apparently, its role in determining the optoelec-
tronic properties of the perovskite is negligible and its main influence is structural. The
band structure further shows low effective masses, a property one would expect to result in
high carrier mobilities. However, compared to inorganic semiconductors of similar effective
masses the mobility in perovskites turns out to be 1-2 orders of magnitude lower. While
conventional semiconductors, such as silicon or GaAs, typically exhibit mobilities between
500-8000 cm?V~1s~!, lead-halide perovskites only achieve values of 70-220 cm?V~!s™!,




Taking a look at the temperature dependence of the mobility, one finds that both inorganic
systems and perovskites behave very similarly. This indicates that the carriers are primar-
ily scattered by temperature-induced lattice vibrations and not by (charged) defects [15].
In their essay Egger et al. [15] suggest that the surprisingly low carrier mobilities in per-
ovskite systems could be related to their remarkable vibrational properties. Compared to
inorganic semiconductors, halide perovskites are 3-10 times softer mechanically. As a result,
vibrational and rotational modes have low energies and are occupied by many quanta at
room temperature. Ion displacements may be so pronounced that anharmonic terms must
be taken into account. These rather slow, large-amplitude lattice vibrations lead to struc-
tural dynamics that are uncommon for a high quality optoelectronic material. Rather than
thinking of a perovskite crystal as a rigid system with well-defined, ordered ion positions,
we must turn to a more dynamic picture where anharmonic, multi-mode ion motions induce
structural distortions that can be strong locally. Only when averaged over time, the system
will reveal its high degree of order.

Energy (eV)

_%||l||||||Rl | I I | II‘

Figure 1.2: Calculated band structure of MAPbIs. Green: bands originating from
I 5p orbitals. Red: bands originating from Pb 6p orbitals. Modified and reprinted
from Brivio et al. [35]. Copyright (© 2014 American Physical Society.

1.1.3 Device Architecture

Perovskite solar cells can be realized employing different materials and device architectures.
The original set-up was adopted from DSSCs and involves a mesoporous TiOs-scaffold as
electron transport layer. The scaffold is filled with the active perovskite layer, followed
by a planar hole transport layer, most commonly spiro-OMeTAD. This structure is known
as mesoporous (n-i-p) architecture [36]. In 2013, Liu et al. [37] demonstrated that the
complex mesoporous structure was not necessary to achieve good efficiencies. Similarly
high performances could be obtained using a planar device architecture with the perovskite
absorber layer sandwiched between a compact ETL and HTL (normal (n-i-p) planar ar-
chitecture). The order of transport layers can also be reversed, resulting in the so-called




inverted (p-i-n) planar structure. In this case, the HTL (most commonly PEDOT:PSS) is
placed directly on the transparent electrode followed by the perovskite and the ETL (most
commonly PC(60)BM) [36].
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(a) Mesoporous n-i-p (b) Planar n-i-p (c) planar p-i-n (inverted)
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Figure 1.3: Three main architectures used for perovskite photovoltaic devices. HTL
- Hole Transport Layer, ETL - Electron Transport Layer, mp - mesoporous, TCO
- Transparent Conductive Oxide. (Based on Boyd et al. [38])

1.2 Solar cell working principles

In order to understand the working principle of perovskite solar cells it is helpful to first
take a look at other already well-comprehended types of solar cells since perovskite devices
share properties with several of them. Before that, some fundamental theories regarding
energy level alignment and charge transport in organic and inorganic semiconductors are
explained, since they are prerequisite to understanding the different working principles.
Transport mechanisms in other conducting materials relevant for solar cell fabrication, such
as electrodes and transport layers, are also briefly discussed.

1.2.1 Energy level alignment

When two different materials are brought into contact, their electronic interaction depends
on the difference in work functions. The work function, commonly denoted as ¢, is the
minimum thermodynamic work required to remove an electron from the solid to the vacuum,
i.e. the energy difference between the Fermi level Er and the vacuum level E,4.. In a metal,
the work function ¢ coincides with the ionization energy IE [39]. For semiconductors, the
definition of the work function is somewhat theoretical, since the Fermi level is located
inside the band gap where there are no electronic states. In this case, the more practical
quantities are the electron affinity EA, i.e. the energy difference between the conduction
band (CB) - or the lowest unoccupied molecular orbital (LUMO) - and the vacuum level,
and the ionization energy IE, i.e. the energy difference between the valence band (VB) - or
the highest occupied molecular orbital (HOMO) - and the vacuum level [39,40].

Now, when two different materials are brought into contact, electrons from the low-work
function material tend to flow to the high-work function material until their Fermi levels




are aligned, i.e. until the system is in thermal equilibrium. In inorganic semiconductors,
this electron transfer leads to a space charge region close to the interface that induces
band bending. The resulting electric field holds back the electrons in the low-work function
material (see Fig. 1.4b) [39]. Due to the large carrier density, the penetration depth of
the electric field in the metal is extremely small and the band bending is not visible in the
schematic drawings.

Organic semiconductors are molecular crystals, bound by a weak Van der Waals interac-
tion. Instead of a delocalised valence and conduction band, they commonly exhibit HOMO
and LUMO levels that are fairly localised on the individual molecules [41]. The difference
between the HOMO and LUMO level corresponds to the band gap E,. When an organic
semiconductor is brought into contact with a metal, it depends on the number of mobile
charge carriers present in the former whether Fermi level alignment via band bending is
achieved. Depending on the type of materials and their purity, both cases with band bend-
ing and cases with no band bending have been experimentally observed [42]. Regardless
of whether band bending occurs, contact between an organic semiconductor and a metal
usually comes with the formation of an interface dipole layer that shifts the vacuum level
by A (see Fig. 1.5b). Different mechanisms, such as rearrangement of the metal electron
cloud or the formation of mirror image charges, have been suggested as the origin of these
dipole layers [40].
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metal semiconductor n-type
metal semiconductor
(a) before contact, no electronic inter-
action (b) after electron transfer

Figure 1.4: Metal-inorganic semiconductor junction. Er: Fermi level, CB: conduc-
tion band, VB: valence band, E,,.: vacuum level, EA: electron affinity, E;: band

gap-

1.2.2 Charge transport

The electronic structure of inorganic semiconductors consists of bands along which charge
carriers move as delocalised Bloch waves. For bands to form, the material has to exhibit
a high degree of crystallinity and the overlap between orbitals has to be large [41]. For
intrinsic semiconductors at room temperature, the number of mobile charge carriers is fairly
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Figure 1.5: Metal-organic semiconductor junction. Eg: Fermi level, HOMO:
highest occupied molecular orbital, LUMO: lowest unoccupied molecular orbital,
Eyqc: vacuum level, EA: electron affinity, E,: band gap, A: interface dipole.

low because their band gap only allows for a few electrons to be excited from the valence
band into the conduction band. Doping shifts the Fermi level from the middle of the band
gap towards one of the bands and significantly increases the number of mobile carriers of
one type (either electrons or holes) [43].

As mentioned above, organic semiconductors, on the other hand, consist of loosely-bound
molecular crystals. Usually, the orbital overlap between molecules is too small for bands to
form. Instead, charge carriers move through the solid by hopping between separate localized
states associated with individual molecules. This so-called hopping transport is thermally
activated with the activation energy depending on geometry and vibrational properties of
the crystal [41]. Mobilities in organic semiconductors are usually several orders of magnitude
lower than those in inorganic semiconductors [15,39,44].

Another class of materials that is extensively used particularly in thin film photovoltaics
are transparent conductive oxides (TCOs). As their name implies they are optically trans-
parent, i.e. their band gap is large enough (> 3 eV) that visible light can pass through
without being absorbed, but at the same time they are electrically conductive. This seems
contradictory at first glance, since large-band gap materials are usually insulators and typ-
ical conductors (metals), on the other hand, have a high plasma frequency w, that allows
transparency to occur only in the UV range. However, it turns out that in TCOs the
conductivity is induced by intrinsic defects and/or dopants [39] that form shallow donor or
acceptor states [45]. For common TCOs such as indium tin oxide (ITO) or aluminium-doped
zinc oxide (AZO), doping concentrations are high enough to pull the Fermi level up into the
conduction band, forming a degenerately doped material and allowing band transport. At
the same time, the carrier concentrations remain low enough to keep the plasma frequency
below the visible region. Conductivities of TCOs are usually a few orders of magnitude
lower than that of metals [39].

Commonly used hole and electron transport materials, such as zinc oxide (ZnO) or nickel




oxide (NiO,,), have properties similar to those of TCOs. However, instead of active doping,
interstitial metal atoms and/or oxygen vacancies act as native donors [45,46]. Depending on
temperature, charge carriers either move by hopping between these impurity sites, similar
to organic semiconductors, or electrons are thermally excited from the donor states into the
conduction band, resulting in band-like transport [47,48]. In general, achieved conductivities
are lower than those of TCOs.

1.2.3 Inorganic pn-junction solar cells

The classic example of a photovoltaic device is surely the crystalline silicon (c-Si) solar cell.
It is based on a large-area pn-junction, i.e. two adjacent silicon layers, one p-doped, the other
n-doped. Electrons from the n-doped layer diffuse into the p-doped layer and combine with
the holes there, thus depleting the region close to the interface of mobile charge carriers. The
remaining positively ionized donors in the n-type region and the negatively ionized acceptors
in the p-type region build up an electric field (Vyi, built-in potential) that counteracts the
diffusive motion of the majority carriers. A dynamic equilibrium is reached [49]. Whenever
an electron-hole pair is generated by absorption of a photon within the depletion region,
the charge carriers are separated by the built-in electric field of the pn-junction and drift
towards their respective electrodes. In practice, two thin, heavily doped layers are added
next to the metal electrodes to form tunnel contacts. Figure 1.6a shows the architecture of
a generic pn-junction solar cell, fig. 1.6b the corresponding band diagram.
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(a) Generic architecture (b) Schematic band diagram. Blue shaded re-

gion: depletion area

Figure 1.6: Monocrystalline silicon pn-junction solar cell. Ep: Fermi level, Eq.:
vacuum level. p+/n+ correspond to heavily doped regions.
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1.2.4 Inorganic p-i-n-junction solar cells

In a p-i-n (or n-i-p) device, a relatively thick, intrinsic semiconductor (i) that acts as light
absorber is sandwiched between two selective contacts (p and n) with different work func-
tions. The mismatch in work functions induces an (ideally) constant electric field across the
intrinsic layer along which generated charges drift towards the p- and n-contacts respectively
(see Fig. 1.7b). Amorphous silicon-based (a-Si) solar cells are probably the most common
p-i-n devices. For these, all three layers are made from the same semiconductor (silicon)
and only differ in doping. In other devices, such as CdTe thin film cells, different materials
are used that can bring about energy band offsets at the p-i and i-n junction [50]. Figure
1.7a shows the typical set-up of an a-Si cell, Figure 1.7b its schematic band diagram.

TCO metal
electrode

TCO p i n metal

(a) Generic architecture (b) Schematic band diagram. Blue shaded re-
gion: depleted area

Figure 1.7: Amorphous silicon-like p-i-n solar cell. Eg: Fermi level, E,4.: vacuum
level.

1.2.5 Organic solar cells

Organic solar cells (OSCs) are based on organic semiconductors, i.e. conjugated ’small
molecules’ (molecular weight of several 100), oligomers or polymers that form crystalline,
polycrystalline or amorphous solid films. Conjugation is essential to make the molecules con-
ductive, since it allows for delocalisation of m-electrons. Organic semiconductors differ from
their inorganic analogue in several important ways. Firstly, intermolecular binding forces in
organic solids are governed by Van der Waals interaction, which are much weaker than the
forces holding inorganic materials together (e.g. covalent or ionic bonds). Consequently, the
electronic states are very localised on the individual molecules and charge transport takes
place via hopping between these states. Mobilities are therefore significantly lower than for
inorganic materials [2]. Another fundamental difference is that for organic semiconductors
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photo-generated electron-hole pairs are quite strongly bound, with binding energies ranging
from 0.6 to 1.2 eV [51]. These excitons do not readily dissociate. An additional force has to
be applied to separate the charges. In organic solar cells, this is most commonly achieved
by a heterojunction, consisting of a donor and an acceptor material. The donor has higher
lying HOMO and LUMO levels than the acceptor. At the interface, this difference creates
a locally strong electric field that is able to break up the excitons.

Heterojunctions can be realized in two ways. For a planar, bi-layer junction, donor and
acceptor are deposited on top of each other, resulting in one large interface. The more popu-
lar variant is the bulk heterojunction, where donor and acceptor are blended together to form
a single film, consisting of a percolating network of donor/acceptor domains. If the domain
size coincides with the exciton diffusion length, excitons generated within the material are
likely to reach an interface at which they will dissociate. To collect the separated charges,
selective contacts that conduct only one charge carrier type whilst efficiently blocking the
other are added at either side of the heterojunction, followed by the electrodes [2]. Figure
1.8a shows the generic set-up of a bulk heterojunction OSC, Figure 1.8b its schematic band
diagram. The band diagram was drawn not as a function of distance across the device but
according to a path that might be followed by an (arbitrarily chosen) charge carrier.

Donor Acceptor

Donor
TCO bulk metal TCO HTL Acceptor ETL metal
heterojunction  electrode

(a) Generic architecture (b) Schematic energy level diagram

Figure 1.8: Bulk heterojunction organic solar cell. TCO: transparent conductive

oxide, HTL: hole transport layer, ETL: electron transport layer, Ep: Fermi level,

Eyqc: vacuum level. The band diagram (b) was drawn for a path a typical charge
carrier might take.

1.2.6 Dye-sensitised solar cells

Dye-sensitised solar cells (DSSCs) differ from other solar cell technologies in one important
respect. Instead of having a donor and an acceptor that are responsible for both light
absorption and charge transport towards electrodes, in DSSCs those tasks are carried out
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by separate materials. The dye, usually an organic molecule, solely acts as light absorber
and does not have to be a good conductor. The photo-generated charges are separated and
transported away by the surrounding structures [2]. In a typical DSSC device, a monolayer
of dye molecules is adsorbed on a porous n-type semiconductor scaffold (usually TiOs) that
is immersed in an electrolyte (see Fig. 1.9a). The electrolyte contains a redox system, most
commonly I~ /31~.

Under operation, the dye absorbs a photon of an energy matching its band gap, which
results in photo-excitation of an electron from the HOMO to the LUMO of the system.
The resulting bound electron-hole pair, called exciton, is separated in the following way:
The electron from the LUMO of the dye is injected into the lower lying conduction band
(CB) of the semiconducting scaffold. From there, it is transported through the scaffold to
the underlying electrode. After flowing through an external circuit, the electrons reach the
counter electrode, where they reduce the redox system in the electrolyte. Via diffusion, the
reduced ions are transported back to the oxidized dye to reduce it, thus ’filling’ the hole
in the HOMO [12]. A schematic drawing of the energy levels in a DSSC is displayed in
Figure 1.9b. The band diagram was drawn not as a function of distance across the device
but according to a path that might be followed by an (arbitrarily chosen) charge carrier.

TiO, Dye

Electrolyte

TCO metal TCO TiO, Dye Electrolyte metal
electrode

(a) Generic architecture (b) Schematic energy level diagram

Figure 1.9: Dye-sensitised solar cell. TCO: transparent conductive oxide,
Ep: Fermi level, E,q.: vacuum level. 317 /I3 is the redox system that allows
electron transport through the electrolyte. At the interface between electrolyte
and metal in (b), a dipole layer is generated that causes a shift in vacuum level.
The band diagram (b) was drawn for a path a typical charge carrier might take.

1.2.7 Perovskite solar cells

When lead-halide perovskites were first used in DSSCs, it was assumed that they work
analogous to a dye (see section 1.2.6). However, it was soon revealed that for perovskites
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the semiconducting scaffold structure was not necessary to achieve efficient charge carrier
transport. Fully working planar device architectures demonstrated that electrons and holes
could move through the perovskite film itself. Moreover, exciton binding energies in per-
ovskites were estimated via optical spectroscopy to be only 55 4+ 20 meV, indicating that
at room temperature almost all generated electrons and holes can be viewed as free charge
carriers [52]. Another research group published an even smaller value of 37 meV [53]. This
distinguishes perovskite-based devices from organic solar cells, in which much larger exciton
binding energies in the range of 0.6 to 1.2 eV are typically found [51].

The above mentioned properties imply that perovskite-based solar cells function more like
inorganic p-i-n devices (see section 2.2.4) than DSSCs or exciton-based organic photovoltaics
[12].

___________

'~

—-—

N o Evac
—
+ - ®
a—
Er
'\.
Perovskite
TCO metal TCO HTL perovskite ETL metal
electrode
(a) Generic architecture (b) Schematic energy level diagram (adapted from

Edri et al. [50])

Figure 1.10: Planar, inverted (p-i-n) perovskite solar cell. TCO: transparent con-
ductive oxide, HTL: hole transport layer, ETL: electron transport layer, Ep: Fermi
level, E,qc: vacuum level.

Edri et al. [50] used cross-sectional electron beam-induced current (EBIC) measurements
to successfully demonstrate the p-i-n nature of planar, perovskite-based solar cells. (To find
out how EBIC works see section 2.2.4.) Mapping of the EBIC signal onto the cross section
of the cell revealed two regions of high efficiency, one at the perovskite/ETL, and the other
at the perovskite/HTL interface. Holes generated close to the perovskite/HTL interface are
efficiently extracted while electrons have to diffuse all across the perovskite layer before they
are extracted at the ETL. The opposite is true for charges produced near the perovskite/ETL
interface. The further away electrons and holes are generated from their respective sink the
higher is their probability to recombine, the lower their chances of being collected. Because
electrons and holes are primarily extracted at opposite ends of the cell, the EBIC profile
shows two distinct peaks with a significant efficiency drop towards the centre of the absorber
layer. From the measured EBIC profile, Edri et al. derived a schematic band diagram for
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Figure 1.11: 3D surface plot of the EBIC image. Layers in x-direction: Au-HTL-

perovskite-ETL-FTO. Reprinted with permission from Edri et al. [50]. Copyright
(© 2014 by Springer Nature.

the perovskite p-i-n junction (see Fig. 1.10b). Unlike other p-i-n devices such as amorphous
silicon-based ones, the electric field within the intrinsic perovskite layer is not homogeneous.
The reason for this can be found in the mixed ionic-electronic conductivity of the perovskite.
To date, it is widely accepted that halide vacancies (V}) dominate ionic transport. When
the perovskite is brought into contact with the respective n- and p-selective layers, the
difference in their work functions induces a linear potential drop across the absorber layer.
The positively charged V} drift along the corresponding electric field towards the HTL,
building up a region with positive charge. The area close to the ETL, on the other hand, is
depleted from halide vacancies and becomes negatively charged. These charged regions lead
to band bending similar to that encountered in standard inorganic pn-junctions. Because
positively charged vacancies dominate the ion migration, the band diagram takes on an
asymmetric shape [54]. Edri et al. [50] further used their EBIC line scans to calculate the
effective diffusion lengths. For electrons they found a value of L,, = 1.9 £ 0.1 pm, for holes
L, =15+0.2 pm). Amorphous silicon-based devices, in comparison, only exhibit diffusion
lengths of 0.1 - 0.2 pum [50].

1.2.8 Hysteresis in perovskite solar cells

Performing current-voltage (JV) scans of a solar cell is probably the most common method
to ascertain its efficiency. However, it does not appear to be a reliable approach for per-
ovskite solar cells because its results depend on scan direction and scan speed. In general,
the efficiency derived from the reverse scan (from forward to reverse bias) exceeds that
determined from the forward scan. A typical example can be found in Figure 1.12. This
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dependence on scan direction is called hysteresis. It implies that the system goes through a
transient change when subjected to the external bias and the measurement results therefore
do not correspond to its steady state values [55].
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Figure 1.12: Exemplary JV-scans of a perovskite solar cell showing hysteresis. PCE
values derived from forward and reverse scan respectively differ significantly.

It is now widely accepted that the already mentioned ion migration (see section 1.2.7)
is the main cause for the hysteretic behaviour of perovskite solar cells. As described in the
previous section, drift of the mobile ions along the built-in field leads to charge accumula-
tions at the interfaces between the perovskite and the respective charge transport layers.
This accumulated charge shields the built-in field, thus flattening the bands in between the
interfaces. That way electron-hole pairs photogenerated in the bulk of the absorber do not
experience a potential-driven force towards one of the electrodes anymore, which reduces
charge extraction efficiency. But if the cell is pretreated with an external voltage larger than
the built-in potential, ions will drift in the opposite direction, thus enhancing the built-in
field, which results in a more efficient extraction of charges [56]. But ion migration does
not only alter the built-in field, it is also assumed to affect trap density and recombination
rates at the interfaces. This is supported by the fact that the choice of transport layers
significantly influences hysteresis [57]. Another possible cause for hysteresis are ferroelectric
effects within the perovskite [58].

There exist two different approaches to circumvent hysteretic effects and determine the
steady state efficiency of solar cells. The first involves using slower scan rates (up to several
seconds per voltage step) to allow the system to reach its steady state at each measuring
point [59]. The other option is to keep the cell at its maximum power point (MPP) until its
PCE stabilised [60].
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1.3 Understanding the stability of perovskite solar cells

Standard solar panels (e.g. for the installation on roofs) that are currently commercially
available exhibit lifetimes of up to 25 years [61]. During operation, solar modules are exposed
to temperatures in the range of —40 to 80 °C depending on their geographical location [29].
Proper encapsulation protects cells from external impacts such as oxygen and humidity.
However, no encapsulation material is perfectly impermeable and there is always a risk of
leakage. Furthermore, the higher the demands for the materials, the higher are their costs.
To achieve good long-term stability and to keep the costs low, a high intrinsic stability of the
cells themselves is essential [38]. In addition, even a perfect encapsulation cannot protect
the solar modules from temperature effects, nor can the exposure to (visible) light and bias
voltage be avoided since they are a vital part of the solar cell’s operation.

Degradation in perovskite photovoltaic cells, as stated in a review by Berhe et al. [62],
can be driven by every single one of the above mentioned external factors: oxygen, moisture,
temperature, light (especially high-energy UV light), and bias. In addition to these external
impacts, internal mechanisms such as ion migration and chemical reactions at the interfaces
can be of relevance. The following sections provide an overview of the present understanding
of the different degradation pathways and states possible ways to mitigate them.

1.3.1 Structural stability

Initial efforts in understanding and improving the stability of perovskite solar cells focused
on the perovskite structure itself. The chemical composition was continuously optimized
to achieve more stable perovskite structures, introducing new ions and varying the mixing
ratio [63].

The first perovskite structure that was investigated for use in solar cells was MAPbDI3,
where MA is short for methylammonium (CH3NHjz). MAPbDI; has a band gap of about
1.5 eV [64] and adopts a tetragonal phase at room temperature [30]. However, MAPbI;
proved to have rather poor thermal and structural stability [16]. Decomposition of the
crystal structure can already be observed at temperatures of 85 °C [65]. In order to achieve
both better device efficiency and enhanced stability, the research community began to look
for improved compositions, investigating alternatives to the organic cation MA, to iodine as
well as to lead. In this section, discussion will be restricted to substitutions of the former
two, since the elimination of lead leads to a whole new class of perovskites, the lead-free
perovskites.

Koh et al. [66] were the first to examine the organic cation formamidinium (CHsNy, for
short FAT) as a substitution to MA. The FA-cation is slightly larger than MA™ [67], which
leads to a smaller band gap of 1.47 eV for FAPbI;3 instead of 1.5 eV for MAPbI5. This allows
light absorption to take place further into the red, which results in more efficient harvesting.
FAPbDI; exhibits two polymorphs, a black trigonal perovskite phase (a-phase) and a yellow
non-perovskite hexagonal phase (d-phase) [68]. The latter is made up of linear chains of
face-sharing Pblg-octahedra [67]. At room temperature, FAPbI; is found in the yellow,
photovoltaically inactive polymorph, while the black phase is only favoured at temperatures
above 60 °C [68]. This issue can be resolved by combining both MA and FA to form
MA_FA;_,Pbl;. Jeon et al. [67] showed that a value of = 0.15 is enough to stabilise the
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trigonal phase at room temperature. Introducing FA into the perovskite crystal comes with
an improved thermal stability, i.e. the decomposition temperature is significantly raised
compared to MAPbDI3 [69].

The A-cation does not necessarily have to be an organic molecule. Using inorganic atoms
such as Cs proved beneficial as well (see section below on the triple cation perovskite).

Halide substitution and mixing

As for the X-anion, other halides such as bromine and chlorine have emerged as can-
didates for replacing iodine. Their ionic radii decrease from I to Br to Cl with 2.2 A,
1.96 Aand 1.81 Arespectively [64]. Partial substitution of Todine with the smaller bromine
(MAPD(I;_,Br,)s3) was found to reduce the lattice constant [70], increase the band gap
of the perovskite (from about 1.5 eV for x = 0 to 2.3 eV for = 1) and thus shifts the
absorption edge to smaller wavelengths [71]. As a result, only a smaller fraction of the
incoming light can be harvested. But at the same time, increasing the Br-content leads to a
favourable reduction of charge recombination. Suarez et al. [71] furthermore demonstrated
that the incorporation of Br into MAPDbI3 results in an improved device stability. Upon
30 days dark storage in a glovebox, a Br-content of 50 % even resulted in an increase of
PCE by 37 %, whereas pure MAPbI; devices experiences a PCE drop by 20 %. Adding
bromine to iodine at ratios x = 0.2 and 0.29 was also found to significantly improve the
device’s tolerance towards moisture [70]. The case of chlorine as an X-anion is not yet fully
understood. It was shown that chlorine can only be incorporated into the MAPbI3 structure
at small amounts (3-4 %), probably due to the large difference in ionic radii of the halogens.
However, incorporation of Cl in the perovskite as a dopant still improves charge transport
within the layer [72].

Triple cation perovskite

The most widely used perovskite composition today is the triple cation perovskite, developed
by Saliba et al. [16] in 2016. To the commonly used molecules MA and FA, Cs is added as
a third A-cation (hence the name ’triple cation perovskite’). Cs-cations have a significantly
smaller ionic radius (1.81 A) compared to MA (2.70 A) and FA (2.79 A) [73]. Introducing
a small amount of Cs into the perovskite structure reduces the ’effective’ ionic radius of the
A-cation and pushes the Goldschmidt factor further into the desired black perovskite phase.
Saliba et al. used the chemical composition Cs,(MAg 17FAg s3)1-2Pb(lo.83Brg.17)s3. They
were able to show that a Cs-content of x = 5—10 % significantly increases structural stability,
suppresses yellow phase impurities, enhances thermal stability and leads to a higher device
efficiency. Additionally, a better reproducibility of device performance could be shown.
With MA alone, the exact temperature at the start of the crystallization process is crucial
to the stabilisation of the black phase of FA, whereas the triple cation perovskite is much
less susceptible to temperature variations during processing [16].

1.3.2 Stability towards oxygen and light

Oxygen exposure is detrimental only in the presence of light, since the perovskite cannot be
oxidized in its ground state [74]. However, an electron that is photo-excited into the con-
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duction band of the perovskite can be trapped by an Oz-molecule to form superoxide (O5 ).
The superoxide then enrolls in an acid-base reaction with the A-cation of the perovskite,
decomposing the structure into methylamine (CH3NHs), lead iodide (PbI—2), iodine (I3)
and water [75]. Replacing MA™ with a less acidic cation, such as FAT or Cs™, can signi-
ficantly improve photo-oxidative stability [30]. Light exposure alone can, however, initiate
different changes in the perovskite photovoltaic device, some of which can be reversed by
storing the cell in dark conditions. Illumination can cause halide segregation, i.e. iodine-
and bromine-rich regions forming within the perovskite. The varying composition affects
the band gap which in turn reduces the achievable V,.. Halide segregation was found to
be reversible within minutes upon dark storage [76]. Illumination can also promote the
migration of ions and defects [77-79], damage organic charge transport layers and cause
interdiffusion of materials at the interfaces [80].

1.3.3 Stability towards moisture

Due to their ionic nature, perovskite crystals are especially susceptible to exposure to mois-
ture. Severe degradation can take place within hours or even minutes, depending on the
level of humidity [81]. The polar water molecules permeate the crystal along the grain
boundaries [17] and lead to the formation of hydrated compounds. So far, two types of
hydrates, one a monohydrate (MAPbI;- Hy0) [82], the other a dihydrate ((CH3NHj3)4Pblg-
2H50) [17], have been observed and identified by the research community. Both compounds
consist of a network of isolated Pblg-octahedra connected by water molecules. Based on
their experimental results, Leguy et al. [17] proposed equation (1.3) as a description of
moisture-induced degradation. Upon exposure to humidity, a monohydrate starts to form
that may further transform into a dihydrate. Eventually, an equilibrium between the two
compounds forms that depends on the humidity level and the time of exposure. Hydration
can easily be observed visually by a change from dark brown to a yellowish transparent
colour.

AMAPDI; + 4H,0 = 4[MAPbI; - H,0] = MA4Pblg - 2H,0 + 3Pbl, + 2H,0  (1.3)

It was demonstrated that the hydration process is to some extent reversible by exposing the
samples to dry air. However, reversibility is limited by the formation and phase segregation
of Pbl, [17,81].

Christians et al. [83] observed that, when stored in the dark, some type of dihydrate
formed in the perovskite thin films upon exposure to humidity but no significant amount
of Pbly could be detected. In contrast, storage of the films in light conditions lead to
degradation of the perovskite to Pbl,. Apparently, the moisture-induced decomposition of
the perovskite structure is accelerated by illumination. An explanation could be that, in
comparison to the ground state, the MA*-ions are less tightly bound to the Pblg-octahedra
after photo-excitation [84]. Hydration of the perovskite compound involves the formation
of a hydrogen bond between the Pblg-octahedra and HyO, a process that is favoured when
the bonding strength of the MA™-ion is reduced [83]. Christians et al. [83] further showed
that incorporation of HoO leads to a loss in absorbance of the perovskite film. However,
solar cell performance drops much faster, indicating that the efficiency loss is not primarily
due to the breakdown of the absorption properties of the perovskite, but instead caused by
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changes at the interfaces or by a deterioration of charge transport.

In addition to direct humidity-induced degradation, the presence of moisture also strongly
enhances the device’s instability towards electric fields and heat, as was investigated by
Leijtens et al. [36,85]. In both cases, degradation due to electric fields or heat was al-
most negligible when the devices were kept in an inert atmosphere, while the same external
stressors lead to rapid decomposition of the perovskite in humid air. As to field-induced
degradation, Leijtens et al. proposed the following explanation. In the hydrated phases, the
interaction strength between the MA*-cation and the I~ of the Pblg-octahedra is lower than
that of the MA™-cation with the water molecules. This most likely increases the mobility of
the cations within the structure [36]. The application of an electric field induces a drifting
motion of the MA*-cations, leading to an accumulation of cations at the negative electrode.
The remaining destabilised Pbléf—octahedra readily decompose to Pbly and iodine.

Another effect observed by the research group around Leijtens is the increase in JV-
hysteresis with the degree of hydration. This makes sense when one assumes that the
formation of hydrated compounds increases the mobility of MA'-ions and that hysteretic
behaviour is mainly caused by ionic motion.

Strategies to reduce moisture ingress and mitigate humidity driven degradation comprise
the use of hydrophobic transport layers or the development of proper encapsulation methods
(see section 1.3.6).

1.3.4 Stability towards electric fields

The presence of electric fields can cause ion migration [86]. Further, applying a bias to the
cell can assist moisture- induced degradation (see above) and promote degradation due to
oxygen even in the absence of light [87].

1.3.5 Degradation at the interfaces

The previous sections primarily discussed degradation mechanisms of the perovskite ab-
sorber layer itself. However, the device architecture of a fully functioning solar cell com-
prises several additional layers, such as the electrodes, HTL, ETL and optional passiva-
tion/blocking layers. This makes understanding and eliminating device degradation much
more complicated, since degradation can occur in all layers and at all interfaces. Mobile
ions may diffuse into adjacent layers and initiate chemical reactions between the different
materials. The reaction contributing most severely to device degradation probably takes
place between the perovskite and the metal electrode. Since almost all metals readily react
with halides and/or halogens, it is mostly independent of the exact cell architecture or type
of metal used [63].

Xiong et al. [88] showed that storing the unfinished devices (ITO/NiO, /perovskite) in
ambient air for up to 200 h hours did not result in significant degradation, while com-
pleted devices collapsed in air within an hour. They concluded that degradation takes
place mainly at the perovskite/PCBM/Al interface. Another group subjected their devices
(ITO/NiO, /MAPbI;/PCBM/

Ag) to a temperature of 85 °C for 24 hours in an inert atmosphere, which resulted in con-
siderable degradation, mainly noticeable by a drop V,. and FF. ToF-SIMS measurements
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revealed that upon thermal treatment, I”-ions diffuse through the ETL into the metal elec-
trode where they form silver iodide (Agl). When the thermal treatment was applied before
deposition of the Ag-electrode, no significant device degradation occurred [63]. However, it
might not only be the halide ions that undergo migration. Domanski et al. [89] demonstrated
that for mesoporous TiOs-based cells, gold atoms from the metal electrode diffused through
the HTL (spiro-OMeTAD) into the perovskite layer leading to severe losses in efficiency.
You et al. [90] observed etching of the metal electrode (in their case Al) through the
complete device, rendering the electrode visible from the backside. Zhao et al. [81] assigned
the etching to a redox reaction between Al (or other metals such as Ag, Cr and Yb) and
Pb that is enhanced by the presence of moisture. In the case of You et al. [90], replacing
the organic PCBM with a ZnO nanoparticle layer proved to detain the reaction, at least
for a 10-days storage period in ambient air. Apparently, ZnO is more efficient in isolating
the metal electrode from the perovskite. Possible strategies to eliminate this metal-induced
device degradation are the use of alternative electrodes, such as carbon or TCOs that do not
react with the perovskite, or the introduction of barrier layers that inhibit ion migration [63].

1.3.6 Encapsulation

A proper encapsulation not only protects the solar cells from moisture and oxygen ingress
but also prevents volatile decomposition products from diffusing out of the device [91]. Glass-
glass encapsulation, a technique commonly used for silicon solar modules [92], is viewed as a
promising route for perovskite solar cells as well. In glass-glass encapsulation, the solar cell
is sandwiched between two glass plates that are bonded to the cell surface by an encapsulant,
most commonly Ethylene-vinyl acetate (EVA). The purpose of the encapsulant is to fill in
voids in the package and hold everything firmly together. In some cases, an additional edge
seal is used to protect the module from moisture ingress [93]. In addition to encapsulation,
the use of protective coatings is frequently investigated. To give two examples, Hwang et
al. [94] applied a hydrophobic Teflon layer on top of their cell to minimize moisture ingress,
while Bella et al. [95] demonstrated that photopolymer coatings can protect from UV light
and humidity simultaneously.

1.4 Stability testing and testing protocols

To allow for a comparison between the stability and degradation of different perovskite
photovoltaic devices, and eventually modules, the use of a standardized set of testing proto-
cols is of particular importance. With required lifetimes of up to 25 years it is uneconomical
to probe them by real-time in-the-field operation. Therefore, devices are commonly tested
under so-called accelerated ageing conditions, i.e. by applying additional stress factors such
as elevated temperature or increased humidity [96]. To achieve meaningful lifetime predic-
tion, it is important to know how large the acceleration factor is under the chosen ageing
conditions. This, in turn, requires a thorough understanding of the degradation pathways
present in the respective solar cell architecture, how they interact with each other and how
they couple to measurable solar cell parameters (e.g. V., Js) [30]. Below, a brief over-
view of standard testing protocols relevant for perovskite solar cells is given, followed by
a description of the different routines by which one can monitor device stability. Finally,

21



ageing test results that exemplify the typical ageing dynamics of perovskite solar cells and
the current state in terms of achieved stability are presented.

1.4.1 International testing protocols

To date, there exist two sets of protocols relevant for perovskite solar cells. The first is from
the International Electrotechnical Commission (IEC), the second was developed during the
international summit on organic photovoltaic stability (ISOS). However, the two protocols
greatly differ in terms of sophistication and formal approval and focus on different stages of
device development.

The IEC protocols function as an international standard, encompassing photovoltaic
characterization, qualification and safety. They have been repeatedly reviewed and fine-tuned
by committees composed of international representatives [97]. The protocol on module qual-
ification (IEC 61215) comprises a set of stress tests - such as hail and mechanical load tests,
leakage testing, temperature cycling and damp heat testing - all probing the module’s stabil-
ity under conditions that might realistically be encountered in outdoor applications. Most of
these protocols are primarily module-related, testing the packaging and encapsulation, and
are therefore applicable to all photovoltaic technologies. Passing the IEC qualification test
is nowadays almost a prerequisite for solar modules to achieve commercialisation. However,
these testing protocols neither provide quantitative acceleration factors nor a well-founded
lifetime prediction [30]. The ISOS protocols, on the other hand, only represent a consensus
of recommended testing routines (no standard). They were originally developed for organic
photovoltaics (OPV) and focus on a much earlier stage of research, aiming to facilitate data
comparison between different research groups.

The ISOS protocols provide testing routines for 3 different levels of sophistication and
accuracy - Basic, Intermediate and Advanced - to make them applicable for all laboratories.
They comprise stability monitoring in the dark, under outdoor conditions and simulated
light, as well as thermal cycling and stress testing [96]. Towards the end of this thesis’
work, a consensus protocol dedicated specifically to perovskite photovoltaic devices was
published. It suggests several complementary stability tests aiming at addressing the special
properties of perovskite solar cells, such as the presence of mobile ions in the perovskite or
the observations that devices partly recover after the stress factors are removed [91].

1.4.2 Overview of important testing practices

The following section provides an overview of commonly used ways of stability monitoring
with references to the above mentioned testing protocols where applicable, some of which
will be referred to again in the experimental section of the thesis. The simplest way of
monitoring device stability is by storing the cells in the dark (either under inert atmosphere
or in ambient air) and periodically performing single measurements of their JV-curves,
extracting the most important cell parameters: the power conversion efficiency (PCE), the
open-circuit voltage (V,.), the short-circuit current density (Js.) and the fill factor (FF).
This is called shelf life testing in the ISOS-D-1 protocol (see [96]). Introducing elevated
temperatures leads to the so-called high temperature storage (ISOS-D-2). The most
demanding test is probably the damp heat test (ISOS-D-3). It comprises exposure of the
cell to a temperature of 85 °C at a RH of 85 %. In order to pass the IEC qualification
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protocol, cells have to retain at least 90 % of their initial efficiency when subjected to damp
heat (DH) conditions for 1000 h [98]. Another IEC standard test performed in the dark is
thermal cycling (TC). It involves 200 temperature cycles between —40 °C and +85 °C and
its main purpose is to check for delamination caused by a mismatch in thermal expansion
coefficients. To pass the test, similar to damp heat testing, the cell’s efficiency must not
drop by more than 10 % [93].

Closer to the cells’ eventual operational conditions are stability tests that monitor the
cells under continuous illumination (ISOS-L). If the cells are kept at open circuit with single
JV-scans being performed at regular intervals to track their performance, one generally
speaks of light soaking. This procedure is often employed to investigate light-induced
metastable effects within the devices. Maximum power point (MPP) tracking, on the
other hand, requires that the cells are kept at their maximum power point at all times, thus
simulating actual operational conditions [61].

The consensus protocol specifically addressing perovskite solar cells (see above) [91] sug-
gests the following additional stability tests. Due to the partial reversibility of light-induced
degradation processes, the performance of light-dark cycling (ISOS-LC) is recommended
during which devices should be kept either at open circuit or at MPP. Keeping the cells
under electric bias in the dark (ISOS-V) is suggested as a way of separately looking at the
impact of electric fields. To be able to better differentiate between degradation modes ini-
tiated by ambient air (i.e. oxygen and humidity) and intrinsic processes (e.g. due to the
exposure to light, heat or electric fields), the protocol recommends to carry out stability test
in an inert atmosphere (e.g. inside a glovebox) as well (ISOS-I).

Ty - a figure of merit for solar cell stability

A figure of merit often used to evaluate a solar cell’s stability is the time it takes until the
cell’s efficiency drops below 80 % of its initial value (commonly denoted as Tgg). Because
perovskite solar cells often show a non-uniform degradation behaviour, alternative definitions
of the Tgp-times might be more suitable. Ageing curves of perovskite devices can display
all sorts of shapes. Sometimes, a fast initial degradation, often called burn-in, is followed
by a much slower decrease (stabilised region). In other cases, the cell’s efficiency initially
increases until it reaches a maximum and starts to drop. A stabilised Tgp-value (Tsg0) can
be defined by either extrapolating back to time t = 0 after burn-in and taking the resulting
PCE as initial PCE or by using the maximum PCE as a reference value for the Tgp-time in
case of a non-monotonic ageing curve [91].

1.4.3 Ageing behaviour of perovskite solar cells

As mentioned above, ageing curves for perovskite solar cells can have all sorts of shapes
depending on the specific device architecture and fabrication process [91]. Moreover, the
different options for monitoring cell efficiencies over time, i.e. MPP-tracking or regular JV-
scans, were observed to lead to different results.

Due to the hysteresis, efficiencies derived from a JV-scan do not in general coincide with those
measured by MPP-tracking. However, two independent research groups [99, 100] demon-
strated that, under continuous illumination, the difference between efficiencies derived from
regular JV-scans and the values measured by MPP-tracking steadily increases. Monitoring
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the stability by JV-scans lead to an overestimation of the PCE. It was assumed that the
hysteresis that becomes more pronounced as degradation progresses was a main driver of
this effect.

Reversible, metastable behaviour of perovskite solar cells

However, perovskite solar cells do not only exhibit permanent degradation. Several research
groups observed reversible (i.e. metastable) effects as a response to illumination. For ex-
ample, Saliba et al. [99] noticed reversible effects upon MPP-tracking that took different
forms depending on the device architecture. Regular n-i-p devices were found to exhibit a
steep initial decrease in efficiency under continuous illumination for 150 hours, followed by
a more gradual degradation. After a recovering period of several hours in the dark, the cells
appeared to regain part of their lost efficiency ("reversible loss”). Inverted p-i-n devices,
on the other hand, displayed the inverse behaviour: an initial increase in efficiency under
illumination and a loss when recovered in the dark ("reversible bonus”).

Another study that revealed reversible degradation behaviour was conducted by Domanski
et al. [79] using mesoporous TiOq-cells. They performed day /night cycling under Ny-atmosphere,
i.e. several hours of MPP-tracking followed by a similar period in which the cells are left
at open circuit in the dark. Surprisingly, they found that even though the devices lost up
to 15 % of their initial efficiency during MPP-tracking, they fully recovered over the dark
period. The initial PCE at each cycle was similar to or even higher than the previous one.
Domanski et al. attributed this behaviour to migrating cation vacancies that move on a
much longer timescale (more than 103 s) than halide vacancies that have repeatedly been
used to explain hysteresis (see section 1.2.8).

Zhao et al. [101] investigated the light soaking behaviour of inverted perovskite solar
cells with PEDOT:PSS as HTL in an inert atmosphere. They found that V,., FF and PCE
significantly improved within 30 min of illumination. J,.-values displayed an initial increase
followed by a distinct decrease. By performing several light soaking cycles (each 30 min)
with periods of dark storage in between, almost full reversibility could be demonstrated.
Zhao et al. ascribed the light soaking effect to a neutralization of interfacial defects and
of mainly positively charged bulk defects by photo-generated electrons, the former reducing
recombination losses and thereby increasing V,., while the latter improves charge transport
and hence FF. They also found that light soaking reduces bulk polarisation, which might
diminish charge dissociation and with it J..

Metastabilities in other thin-film photovoltaics

Metastable effects upon illumination have already been observed and investigated in other
thin-film photovoltaic technologies, such as CIGS or CdTe-cells. Usually, a reversible in-
crease in fill factor and V,. is observed upon exposure to light [102]. For chalcogenide
photovoltaics, the origin of the metastabilities was traced back to point defects present in
the absorber material that trap and de-trap photo-generated charge carriers, resulting in
lattice relaxations and changes in the built-in field and the number of recombination centres
present [103]. Generally, such metastable effects are undesirable because they hamper and
complicate a reliable energy rating of the photovoltaic cells [104].
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State of the art: Achievements in device stability

It has already been demonstrated that properly encapsulated perovskite solar cells can
withstand standard accelerated ageing tests, such as temperature cycling (TC) or damp heat
(DH) testing, both part of the IEC qualification protocols [105,106]. PSCs encapsulated
between two glass sheets with the polymer EVA and a butyl rubber edge seal were shown
to not only withstand damp heat testing, but even improve throughout the 1000 h. The
device architecture was of the p-i-n type with NiO, as HTL, and LiF followed by PCBM as
ETL [105]. However, yellowing of the perovskite was noticeable after the 1000-hour period,
indicating that the package might have failed eventually [93].

Cheacharoen et al. [106] performed temperature cycling (TC) tests on sealed perovskite
solar cells of the same architecture, comparing two encapsulants with different elastic mod-
uli, the stiff ionomer Surlyn and the softer ethylene vinyl acetate (EVA). While 4 out of 5
cells encapsulated with Surlyn failed the test, probably due to partial delamination, all 9
cells encapsulated with the softer EVA passed successfully. Measuring the fracture energies
of the separate layers in the solar stack, they furthermore found that PCBM was the weak-
est layer and most susceptible to delamination, even with encapsulation. In a subsequent
study [93], the encapsulation design and method was further improved. EVA as an encap-
sulant was replaced by polyolefin, because EVA is known to decompose into acetic acid in
damp heat conditions [107], which in turn could react with the perovskite and lead to its
degradation. For polyolefin, no chemical reactions with the perovskite could be observed
and cells protected by this optimized encapsulation withstood both thermal cycling and
damp heat testing, the latter with an average drop in efficiency by only 1 %.

1.5 Challenges for perovskite solar cells: A summary

Perovskite solar cells have a huge potential due to their low-cost and low-temperature pro-
cessability, paired with the high power conversion efficiencies - the current record exceeds
25 % - that can be achieved. However, serious challenges are faced in terms of device sta-
bility. As was described in section 1.3, perovskite solar cells were observed to degrade when
exposed to external factors such as oxygen, humidity, light, heat and electric fields. Internal
mechanisms, such as ion migration and chemical reactions at the interfaces, can also have
a large impact on device stability. Therefore, the choice of transport layers and electrode
materials can play an important role in mitigating degradation effects. But not all induced
changes are irreversible. Several research groups [17,79, 81,99, 101] observed metastable
behaviours in perovskite solar cells upon exposure to light or moisture. After removal of
the stressor, the induced changes were partly or fully reversed. Although a few research
groups have already succeeded in developing perovskite solar cells with device architectures
and encapsulations stable enough to withstand standard IEC stability tests, such as damp
heat testing and temperature cycling, degradation mechanisms and the influence of material
choices still lack thorough understanding.
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1.6 Aim of this thesis

The aim of this thesis was to investigate the degradation and stability of inverted p-i-n
perovskite solar cells by measuring the cells’ response to different external stressors such
as oxygen, light and moisture. The first step on the way to testing the device stability
was the fabrication of the devices themselves. Promising synthesis routes were adopted
from literature and then further optimised in order to achieve solar cells with good and
reproducible efficiencies. Synthesis was performed for two different device architectures, one
with an organic hole transport layer (PEDOT:PSS) and one with an inorganic one (Cs-doped
NiQ,). Several characterisation techniques, such as XRD, SEM, EBIC or profilometry, have
been employed to examine crystal structures, microstructures, spatial cell performances
or layer thicknesses and support the optimisation of the photovoltaic devices. After the
synthesis, the stability of the cells was evaluated by using several different stability testing
procedures: shelf life testing, light soaking, MPP-tracking and damp heat testing. A special
focus was put on the stability of the cells towards illumination. Exposure to light was
investigated in different atmospheres (nitrogen and ambient) and for encapsulated devices
to gain a better understanding of the interplay of permanent degradation and metastable
changes. Cells with PEDOT:PSS and NiQO,, as hole transport layers were compared in terms
of their stability behaviour, both to determine whether NiO, can be a possible substitute
for the organic PEDOT:PSS and to investigate how the choice of hole transport layer, in
general, influences the stability of the cells.
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Chapter 2

Experimental Methods

The following section describes the experimental methods used within this thesis together
with important arguments as to why a particular material, method or set of parameters was
chosen. The first part addresses the synthesis and assembly of the solar cell devices, while
the rest of the section is dedicated to the description of used measurement techniques and
technical equipment.

2.1 Synthesis of perovskite solar cells

2.1.1 Choice of device architecture

For the scope of this thesis the inverted, planar p-i-n architecture (see Fig. 1.3c) was chosen,
primarily due to its easier processability compared to regular n-i-p devices. The device ar-
chitecture comprised the following sequence of layers:

glass substrate/ITO/HTL/perovskite/ETL/Ag

For the HTL, two different materials, one organic and one inorganic, were used and compared
with respect to cell performance and stability. The organic material was PEDOT:PSS, partly
diluted with either DMSO or 2-propanol, the inorganic one Cs-doped NiQO,,, prepared from a
sol-gel method. PCgyBM was chosen as the electron transport layer (ETL), in combination
with an additional, protective layer of ZnO nanoparticles. The cell architecture and the
process parameters (see section 2.1.4) were largely adopted from Weber et al. [108].

Choice of hole transport layer

In the inverted architecture, the HTL lies beneath the perovskite layer. It therefore needs
to resist solvation by the solvents used for the perovskite precursor. It furthermore must be
transparent enough to allow irradiation of the perovskite through the HTL when operating
the cell [109].

PEDOT:PSS, a highly conducting aqueous polymer dispersion, is a popular hole trans-
porting material that is widely used especially in organic solar cells. The high conductivity
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is achieved by doping PEDOT, a semiconducting polymer, with the electrolytic PSS. In ad-
dition to its function as dopant, PSS ensures the water-solubility of PEDOT [110]. DMSO
as an additive to PEDOT:PSS was shown to increase the conductivity of the PEDOT:PSS
layer [111,112] and enhance perovskite crystal growth [113].

NiQO,, represents another potential candidate for the hole extraction layer. It is especially
attractive due to its chemical stability and its good hole conductivity [114]. Furthermore,
NiO,, is highly transparent due to its wide band gap of 3.5-3.9 eV [109] and has a large work
function that can range from 4.7 to 5.5 ¢V depending on processing parameters [114]. NiO,,
generally occurs in a non-stoichiometric compound. While stoichiometric NiO is insulating,
an excess in oxygen leads to nickel vacancies Vy; that give rise to p-type conductivity.
However, V ;-states are too far away from the valence band maximum (VBM) to have
most of the vacancies ionised at room temperature. Introducing extrinsic impurities as
dopants can considerably increase the density of free holes [115]. Chen et al. [114] showed
that doping NiO, with Cs significantly improves the cell performance. They measured a
better hole-conductivity and a larger work function, the latter resulting in higher V,.-values.
To form an HTL, NiO, can either be processed by a simple sol-gel solution-based method
or prepared from pre-synthesized NiO, nanoparticles [116]. Seo et al. [116] investigated the
relationship between sol-gel NiO,, film thickness, annealing temperature and different solar
cell parameters (PCE,Voc,FF,Js¢) and found that films with 15 nm thickness, achieved
with a 0.1 M percursor solution and spin-coating at 3000 rpm for 40 s and subsequent
annealing at 350 °C, yield the best performances. Tang et al. [117] compared cells with
PEDOT:PSS and NiO, nanocrystals as HTL. Their studies showed that NiO, was superior
both in terms of cell performance and stability. When exposed to 60-80 % relative humidity
(RH) in air for over 90 hours, cells with NiO,, only lost about 30 % of their initial efficiency,
while those with PEDOT:PSS degraded completely [117].

Choice of electron transport layers

A double ETL consisting of PCBM followed by a ZnO nanoparticle layer was chosen for
the device architecture, since the complementary properties of the two materials lead to an
improved device performance. PCBM was demonstrated to reduce the surface roughness by
filling the gaps in the underlying perovskite layer [118]. This is important to achieve a closed,
smooth electrode layer [118]. Additionally, it was shown that PCBM successfully passivates
trap states, thus reducing surface carrier recombination [119]. However, PCBM alone cannot
prevent the reaction between the electrode and the perovskite which is detrimental to device
performance. The diffusion of perovskite across the PCBM layer into the electrode was
demonstrated by Qiu et al. [118] via SIMS measurements. However, an additional thin film
of ZnO nanoparticles works. The ZnO efficiently functions as a physical barrier, prohibiting
any reaction between the electrode and the perovskite [118]. Moreover, ZnO has a large
enough energy band gap to provide efficient hole blocking, which leads to an improved
carrier selectivity compared to PCBM [120].

2.1.2 TUsed materials

A list of the chemicals used for the solar cell fabrication can be found in the Table 2.1 below.
For PEDOT:PSS and the ZnO nanoparticle layer, ready-made solutions were purchased from
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the manufacturers listed in the table. For the other materials, the perovskite, NiO, and
PCgoBM, precursor solutions were prepared as described below (section 2.1.4).

Table 2.1: List of chemicals used for this thesis.

Chemical Manufacturer ‘ Purity / % ‘
Acetone Sigma-Aldrich -
2-propanol Roth > 99.8
Chlorobenzene Sigma-Aldrich 99.8
Clevios P VP AI 4083 Heraeus -
Cs acetate Sigma-Aldrich > 95
Csl Sigma Aldrich 99.999
DMF Sigma-Aldrich >99.8
DMSO Sigma-Aldrich < 0.02 % water
E132 PV & LED Encapsulation Epoxy | Ossila -
ETA Fluka Analytical -
FAI DyeSol -
MABr DyeSol -
MaBr TCI > 98.0
Ni(II) acetate tetryhydrate Aldrich > 99.0
Pbly TCI 99.99
PbBr, Sigma Aldrich 99.999
PCgoBM Solenne 99.5
Plus Sofortfest 2-component UHU -
epoxy glue (62981)

ZnO nanoparticle ink Sigma-Aldrich

2.1.3 Deposition techniques

Almost all layers, namely PEDOT:PSS, NiO,, perovskite, PCgBM and the ZnO nano-
particle layer, were deposited via spin-coating. For the silver top electrode, thermal evap-
oration was used. The deposition of the perovskite was performed in a one-step process.
For this method, the perovskite is spin-coated directly from a single precursor solution and
an anti-solvent step is carried out towards the end of the spin-coating process to induce
crystallisation. During the anti-solvent step, a liquid that is a bad solvent for the perovskite
(i.e. an anti-solvent) is dripped onto the spinning sample. The anti-solvent drastically
reduces the solubility of the perovskite in the solvent and thus speeds up nucleation and
crystal growth [121]. For this thesis, chlorobenzene was used as an anti-solvent. The one-
step deposition process is faster and less cost-intensive than the other existing deposition
methods, namely vapour deposition or a two-step sequential deposition technique [121]. In
the two-step deposition method, a layer of Pbl, is formed that is subsequently converted to
MAPbDI; by dipping it into a solution of MAT [122].
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2.1.4 Solar cell assembly
The fabrication of the cells comprised the following steps:
1. Preparation of ITO-substrates
2. Preparation of PEDOT:PSS films
3. Preparation of perovskite films
4. Preparation of PCBM films
5. ZnO nanoparticle layers

6. Evaporation of silver electrodes

Preparation of ITO-substrates

For the solar cell fabrication ITO patterned glass substrates of the size 15x15 mm (15 ©/sq)
by Lumtec Corp. were used. After rinsing them with acetone and drying them in a Ns-air
stream, the substrates were placed in a 2-propanol bath and subjected to 20 min of ultrasonic
cleaning at 40 °C. Subsequent drying of the substrates was again performed with a Ny-air
stream. The samples were then exposed to a 3-minute Os-plasma etching treatment to
increase the surface polarity and the wettability of ITO. This facilitates the subsequent
spin-coating of the HTL [123].

Preparation of HTLs

PEDOT:PSS was used partly undiluted, partly diluted with DMSO (5 % and 10 % v—v)
or 2-propanol (ratio 1:2). To ensure good mixing the diluted solutions were placed in an
ultrasonic bath for 1 hour at 40 °C, then filtered with a Chromafil Xtra 0.45 pm PVDF fil-
ter by Macherey-Nagel. The PEDOT:PSS solution was spin-coated onto the substrates at
3000 rpm (1000 rpm/s) for 60 s, applying 40 pl per sample. Afterwards the substrates were
transferred into a No-filled glovebox, where all further process steps were carried out. To
remove any remaining solvent from the PEDOT:PSS film, the substrates were placed on a
hot plate at 120 °C for 20 minutes.

The NiO,, films were prepared from a sol-gel process adopted from Chen et al. [114]. The
precursor solution consisted of 0.1 M nickel acetate and 0.1 M ethanolamine dissolved in
2-propanol. 1 mM caesium acetate was added to the mixture to achieve 1 % Cs-doping. The
precursor solution was stirred at 70 °C overnight in the course of which its colour changes
from blue to green. Preparation of the NiO, films took place via spin coating. 40 ul of
the precursor solution were applied to the ITO-substrates and spun at 3000 rpm for 30 s.
Afterwards, the films were annealed at 275 °C for 1 hour in a furnace.

Preparation of perovskite films

The perovskite precursor solution was prepared under nitrogen atmosphere the day before
and continuously stirred overnight. The composition

(Cs0.0s(MAg.17FA0.83)0.92Pb(Ip.83Bro.17)3) was adopted from Weber et al. [108]. Lead iod-
ide (Pbly, 1.1 M), formamidinium iodide (FAI, 1 M), lead bromide (PbBry, 0.2 M) and
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methylammonium bromide (M ABr, 0.2 M) were dissolved in a mixture of DMF:DMSO
with a volume ratio of 1:4. Because Csl does not readily dissolve in DMF [124], a solu-
tion of caesium iodide (C'sI, 1.5 M) in DMSO was prepared separately and subsequently
added to the first solution so as to achieve the desired caesium content of 8 %. Before
spin-coating the precursor solution was filtered with a Chromafil Xtra 0.45 um PVDF fil-
ter. Used spin-coating parameters were 10 s at 1000 rpm (500 rpm/s) followed by 20 s at
6000 rpm (1200 rpm/s). Per substrate 50 ul of precursor solution were used. During the
last 5 s of spinning an anti-solvent treatment with 50 ul chlorobenzene was performed. The
perovskite films were then annealed on a hot plate at 100 °C for 1 hour to evaporate any
remaining solvents and to further advance crystallisation.

Preparation of PCBM films

Similarly to the perovskite precursor solution, the PCBM solution was prepared the day
before, under nitrogen atmosphere, and stirred overnight. It consisted of 20 mg/ml PCBM
in chlorobenzene. Prior to film preparation the PCBM solution was filtered with a Chromafil
Xtra 0.45 um PVDF filter. Afterwards, it was spin-coated on top of the perovskite layer at
2000 rpm (500 rpm/s) for 60 s, applying 30 ul per substrate.

ZnO nanoparticle layers

The ZnO layer was prepared from a ready-made ZnO nanoparticle ink, purchased from Sigma
Aldrich. 40 pl were applied to each sample and spin coated at 3000 rpm (1000 rpm/s) for
30 s.

Evaporation of silver electrodes To contact the ITO-electrode, two small areas were
freed from the superjacent layers using a Stanley knife and a mask. The substrates were
then placed into an evaporation chamber, where silver electrodes of 120 nm thickness were
deposited under high vacuum conditions (10~ mbar) employing a shadow mask.

2.2 Thin film and solar cell characterisation methods

The fabricated solar cells were examined using a variety of characterisation methods to
gain information of both their electrical and structural properties. This section provides
an overview of the characterisation techniques employed within the scope of this thesis.
The fundamental principles underlying the respective methods are briefly explained and the
choice of measurement parameters is discussed, whenever relevant. A list of the measuring
instruments and equipment used for this thesis can be found in the appendix A.

2.2.1 Current density-voltage (JV) characterisation

Current density-voltage measurements (or for short: JV-scans) are a standard characterisa-
tion method for photovoltaic cells. The current generated within the device per cell area is
measured as a function of voltage. If the scan is performed in the dark, a curve identical in
shape to that of a diode is obtained. If the cell is illuminated, a photocurrent of opposite
polarisation is generated that shifts the curve along the current-axis [125]. One usually refers
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to measurements performed under these two lighting conditions as dark and light JV-curve
respectively. From the light JV-curve, the following solar cell parameters can be extracted:
the power conversion efficiency (PCE), the open-circuit voltage (V,.), the short-circuit cur-
rent density (Js.), the fill factor (FF), as well as voltage and current at the maximum power
point (MPP). For this thesis, JV-scans were performed both at the TU Graz and at the AIT
in Vienna. In Graz, a Keithley 2400 source meter controlled by a Labview-based program
was used for the measurements. In Vienna, a LXI 2651A High Power System source meter
connected with the commercial software "IV Rider’.

Light sources

The irradiance spectrum of the light source used to illuminate the solar cells greatly in-
fluences the achieved efficiencies. To measure in standard conditions, a ’solar simulator’ is
required whose spectrum is as close as possible to the AM1.5 solar spectrum [125]. For the
measurements in Graz, a HMI lamp by Dedolight ( see appendix A) with an irradiance of
100 mW /cm? was used for illumination of the samples. In Vienna, a Trisol™ Class AAA
Standard Solar Simulator by OAI served as a light source. It is based on a 1.8 kW Xenon
lamp. The spectra of the two illumination sources are depicted in Figure 2.1 together with
the AM1.5 solar spectrum as defined by the international standard IEC 60904:3.
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Figure 2.1: Spectra of light sources used for JV characterisation together with the
AM1.5 solar spectrum as defined by IEC60904-3.
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Measurement parameters

As discussed in section 1.2.8 on hysteretic effects, the choice of measurements parameters,
i.e. scan speed and scan direction, affects the shape of the resulting JV-curve. In general,
slower scan rates were shown to reduce hysteresis and achieve results closer to the steady
state. The scan range plays a role, too. Starting reverse scans at a bias significantly larger
than the V,. of the cell can lead to considerable measurement errors that make the cells
look more efficient than they actually are [126]. The opposite effect was observed by Wei et
al. [58] for scans in forward direction. If the measurement was started at a higher reverse
bias, the resulting JV-curve exhibited a reduced FF and PCE. Due to these observations,
a narrow scan range was chosen for this thesis’ JV-measurements, restricting the voltage
sweeps to values between -0.02 V and +1 V (+1.2 V) for cells with PEDOT:PSS (NiO,) as
HTL. Different scan speeds were used throughout the thesis and are specified together with
the results. On the whole, a trade-off had to be made between achieving measurements close
to steady-state and avoiding changes in the solar cell due to the prolonged illumination that
comes with a slower scan rate.

2.2.2 External Quantum Efficiency (EQE)

This characterisation technique, also known as ’incident photon conversion efficiency (IPCE)’
or ’'spectral response’, provides the performance of a short-circuited solar cell as a function
of wavelength of the incident light. During measurement, the cell is irradiated by monochro-
matic light of different wavelengths and the respective conversion efficiencies are calculated
from the measured current output and the incident photon flux. An EQE spectrum sheds
light on which parts of the solar spectrum actually contribute to current generation and
which do not [125]. For perovskite solar cells, the responsive part of the spectrum lies
between 300 and 800 nm (see [126]). However, with the apparatus used for this thesis, a
75 W Xenon lamp combined with a MuLTImode4-AT grating monochromator by AMKO,
only a range from 380 to 800 nm could be accessed. The incident photon flux was measured
by a Newport 818-UV photodiode, the current by a Keithley 2400 source meter. Because the
EQE measurements had to be performed outside the glovebox, the solar cells were placed
into a sealed measurement unit. Although probably not perfectly impermeable, the box
should have provided decent protection from oxygen and moisture over the measurement
time. During the EQE measurements, the cells were only illuminated by the monochromatic
light beam without any background illumination to avoid unnecessary exposure of the cells
to light that might accelerate degradation.

2.2.3 Scanning electron microscope (SEM)

SEM represents a microscopic setup that uses a highly focused beam of electrons for the
image generation. During imaging, the electron beam continuously scans across the sample
surface and a detector measures the secondary electrons that are produced by the high
energy beam. The gathered data is then used to calculate a grey-scale image [127]. For the
SEM images taken within this thesis, acceleration voltages between 2-5 kV were used. The
instrument was a SUPRA 40 scanning electron microscope by ZEISS.
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2.2.4 Electron beam-induced current (EBIC)

An EBIC measurements allows to investigate the spatial dependence of the cell’s efficiency.
An electron beam (e.g. from a scanning electron microscope (SEM)) is used to scan the
surface of the cell. Similar to photons, the incident electrons generate electron-hole pairs
within the perovskite layer that are then separated by the solar cell architecture, leading to a
measurable current. By scanning across the cell’s surface, a 2D image is created that shows
where current is generated and how efficiently. The penetration depth of the electron beam
is determined by the acceleration voltage [50] and the atomic number of the sample [127].
For the EBIC measurements performed within this thesis’ work, a Jeol 6490LV scanning
electron microscope was used with an acceleration voltage of 30 kV. The solar cells were
contacted with manipulators inside the SEM chamber. To check if good electric contact was
achieved, JV-curves were measured with a Keithley 2600 Series source meter. The EBIC
was run via an ADwin-Pro II Data Acquisition System with a SR570 Low noise current
pre-amplifier. The measurements were controlled by a Python-based software.

2.2.5 X-ray diffraction (XRD)

X-ray diffraction allows the examination of a sample’s crystal structure via elastic scatter-
ing of x-rays. If the atoms in the sample are arranged in a periodic lattice, constructive
interference takes place whenever Laue’s condition is fulfilled.

—

Ak=G (2.1)

where Ak represents difference between the incident and the scattered wave vector and Gis
a reciprocal lattice vector. From the Laue condition, one can obtain the angle 26 at which
constructive interference can be observed [128].
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For this thesis, XRD measurements were performed both at the TU Graz using a Rigaku
MiniFlex powder XRD instrument and at the AIT in Vienna with a ARL™ EQUINOX 100
X-ray Diffractometer by ThermoScientific. The sample area irradiated by the x-ray beam
was 10x20 mm for the Rigaku instrument and 2.3x1 mm for the ThermoScientific setup.
Thus, the Rigaku captured the whole substrate surface while the ThermoScientific could be
focused approximately on 1 specific cell. For the ThermoScientific instrument, the scan time
was 5 min. For the Rigaku setup, the chosen measurement parameters were 0.01 °/step and
10-20 °/min.

2.2.6 X-ray reflectivity (XRR)

Contrary to XRD, x-ray reflectivity measurements are not restricted to crystalline samples.
Structural thin-film parameters, such as film thickness, roughness and electron density, are
derived from the intensity curve of the specularly reflected beam at grazing incident angles.
As the incident angle surpasses the critical angle for total reflection, part of the beam
penetrates the sample by refraction. The x-rays reflected from the sample surface and the
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interface between thin film and substrate undergo interference leading to a detector signal
that oscillates as a function of angle (so-called Kiessing fringes). The film thickness can
be determined from the period of these oscillations [129]. The XRR measurements were
performed with a Panalytical EMPYREAN x-ray diffractometer.

2.2.7 Stylus profilometry

In profilometry, the sample surface is scanned by a diamond tip that is kept in contact with
the surface at a constant contact force. The resulting profile can be used to determine surface
roughness [130]. A commonly used measure for surface roughness is the root mean-square
roughness R,.

(2.3)

where y; is the distance from the average surface height and n the total number of measuring
points [131]. Stylus profilometry can also be applied to measure film thicknesses. For this
purpose, a penetrating scratch is inflicted on the film across which a line scan is performed.
For this thesis, a DektakXT device by Bruker was used.

2.3 Data analysis

The collected data was processed and analysed by use of MATLAB and Microsoft Office
Excel, as well as evaluation software supplied by the instrument manufacturers. For the
interpretation of the XRD measurements, the open source programme Fityk was used to
perform baseline subtraction and fit the peaks with Pseudo-Voigt functions to get the peak
parameters (position, height, area and full-width-half-maximum (FWHM)). To calculate the
Jse from the EQE data, a website tool (https://opvap.com/eqe.php) was used.

2.3.1 Reproducibility and statistical relevance of the results

Since this thesis was laid out as rather broad, exploratory study of stability-related effects
in perovskite solar cells, and therefore the responses to several different external factors for
different device architectures have been investigated, the restricted time did not allow for
a sufficient check of reproducibility. For most ageing experiments, only one cell has been
measured per type of hole transport layer and ageing condition. In order to verify the
obtained results and enable a statistical analysis, the corresponding measurements have to
be repeated for several comparable cells of the same architecture. Unless this has been done,
conclusions can be drawn only with great caution, while keeping in mind that a single cell
does not necessarily display the average behaviour of a large number of equivalent cells.
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Chapter 3

Synthesis, optimisation and
device characterisation

3.1 Introduction

This section contains all results that concern the fabrication process, as well as general
device characterisation. In the first part (section 3.2), steps that were performed to optimise
the synthesis route are presented, followed by results demonstrating the effect that the
underlying hole transport layer (section 3.3) and the anti-solvent step (section 3.4) have on
the perovskite film formation. Attempts to protect the solar cell devices from oxygen and
humidity by encapsulating them are discussed in section 3.5. The last section (3.6) deals with
the general characterisation of the fabricated devices. Achieved power conversion efficiencies
and their reproducibility are discussed, and results that are useful to better understand the
solar cell setup (such as layer thicknesses) and the properties of the used materials (such as
XRD peak identification) are presented. Last but not least, a few comments are made on
the presence and effect of hysteresis.

3.2 Optimisation of the synthesis route

Even though the optimisation of the solar cell synthesis route was not the main objective of
this thesis, certain steps had to be performed in order to achieve decent device efficiencies
with an acceptable degree of reproducibility that could the be used to perform stability
experiments. For this thesis, two different hole transport layers (HTLs) were implemented
in the solar cell architecture: the organic PEDOT:PSS and the inorganic NiO,. Since NiQO,
has only been introduced after satisfying results had been achieved with PEDOT:PSS, most
optimisation efforts were directed towards the organic HTL. Below, an overview over the
performed optimisation steps is given.
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3.2.1 Optimisation of PEDOT:PSS

PEDOT:PSS is a standard hole transport material, commonly implemented in inverted
perovskite solar cells. To increase its conductivity, different additives have already been
successfully used in literature [108,111,112]. Two of them, 2-propanol and DMSO were also
tested within this thesis. Diluting PEDOT:PSS with 2-propanol resulted in a bad wettability
of the HTL, which was why this approach was abandoned after the first test batch. Adding
DMSO (in volume ratios of 5 and 10 %) lead to significantly higher J.-values, and thus
improved efficiencies, as can be seen in Table 3.1. However, issues regarding film homogeneity
were encountered in later batches. Part of the samples exhibited non-uniform coverage after
spin-coating, with holes in the PEDOT:PSS layer. This resulted in a high percentage of non-
working solar cells (see Table 3.5), and thus reduced reproducibility. A possible explanation
for the non-uniform film formation could be the separation of an insulating, transparent
PSS phase from the PEDOT:PSS phase, as was observed by Ouyang et al. [110] for air-dried
PEDOT:PSS films with varying volume ratios of DMSO. They suggested that the DMSO-
induced separation of PSS results in a more compact packing of the remaining PEDOT:PSS
network, thus leading to enhanced conductivity. By using only 5 % v/v DMSO, phase
separation could be kept at a minimum (88-90 % PEDOT:PSS area ratio after air-drying),
whilst still achieving a significant increase in conductivity. However, this presumed origin
of the problem could not be confirmed experimentally within this thesis’ work, nor could
it be eliminated. It was attempted, without success, to get rid of the inhomogeneities in
the PEDOT:PSS layer by reducing the amount of DMSO from 10 % to 5 % (based on the
findings by Ouyang et al. [110] described above) and by double-checking for possible sources
of contamination (e.g. dust particles). Holes in the spin-coated films still appeared in some
samples, while they did not occur in others. For this reason, most ageing measurements
were only performed for cells with pure PEDOT:PSS, despite its lower cell efficiency.

Table 3.1: Average solar cell parameters for devices with PEDOT:PSS with no or

10 % DMSO added. Only cells with PCE > 1 % were considered for the aver-

ages (i.e. 36 cells with pure PEDOT:PSS and 43 cells with DMSO), the rest was
categorized as failures.

amount of | PCE / % Voo /| V Jse / mA/cm? FF failure / %
DMSO

none 51+ 1.3 | 0.73 & 0.08 14.1 + 2.1 0.49 £+ 0.10 14.3

10 % 6.4+1.6 | 0.73 &+ 0.10 17.6 £ 1.3 0.47 £ 0.10 10.4

3.2.2 Optimisation of NiO,

At first, the NiO, layers were annealed on a hot plate at 275 °C in ambient air. However,
this resulted in very poor results. More than two thirds of the thus fabricated cells had
PCE-values below 1 % and the fill factors were extremely low (see Table 3.2). A low fill
factor is usually caused by very high series resistances. Performing the annealing step inside
a furnace at the same temperature significantly improved the results and led to an increase
in both Js. and FF and a much lower failure percentage. This suggests that the samples
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were not homogeneously heated on the hot plate due to a temperature gradient forming
between the plate surface and the surrounding air, and hence did not reach the temperature
required for a conductive NiQO, film to form. The furnace, however, provided homogeneous
heating of the sample from all sides.

Table 3.2: Average solar cell parameters for devices with NiO, as HTL, annealed

on a hot plate and in the furnace. Only cells with PCE > 1 % were considered for

the averages (i.e. 27 cells that were annealed on the hot plate and 87 cells in the
furnace), the rest was categorized as failures.

NiO, PCE / % Voo / V Jse / mA/cm? FF failure / %
annealing

hot plate 4.7 £ 24 | 1.00 £ 0.08 14.6 + 3.9 0.31 + 0.09 67.9
furnace 10.1 +£3.5 | 0.91 £ 0.14 20.5 £ 2.7 0.52 £ 0.11 9.4

3.2.3 Introduction of ZnO nanoparticle layer

As described in section 2.1.1, the introduction of a ZnO nanoparticle layer on top of the or-
ganic ETL PCgoBM was found to inhibit the diffusion of electrode atoms into the perovskite
and vice versa. To investigate the effect of ZnO, a batch was fabricated where half of the
solar cells incorporated a ZnO nanoparticle layer and half of them only featured PCgoBM.
The resulting average solar cell parameters are listed in Table 3.3 and clearly show the be-
neficial effect of ZnO. Cells featuring a double ETL of PCgBM and ZnO achieve a higher
PCE, V.., Jsc and FF. The increase in J4. and FF could indicate improved conductivity and
charge extraction. The increase in V,. could be due to a decrease in charge recombination
at the perovskite/ETL interface.

Table 3.3: Average solar cell parameters for devices with and without an additional

ZnO nanoparticle layer. As HTL PEDOT:PSS with 10 % DMSO was used. Only

cells with PCE > 1 % were considered for the averages (i.e. 29 cells without ZnO,
and 36 cells with ZnO), the rest was categorized as failures.

ETL PCE /% | Vo)V T/ FF failure /
mA /cm? %

PCBM 43+33 ] 064 +0.21 13.0 £ 14 0.44 £ 0.20 3.3

PCBM+ZnO | 99 £ 3.1 | 0.81 £+ 0.12 174+ 1.3 0.67 £ 0.15 0.0

3.3 Perovskite growth on top of different HTLs

SEM images of perovskite films grown on top of different HTLs (pure PEDOT:PSS, PE-
DOT:PSS + 5 % DMSO and NiO,) were taken in order to compare film homogeneity and
crystallite sizes (see Fig. 3.1). In general, all three films look quite homogeneous, although
there are some pinholes visible in the one grown on NiO,. This might, however, be due to
the fact that the examined sample was one for which the NiO, annealing process had not
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yet been optimized. The NiQO, film had been annealed on a hot plate, which resulted in
bad wettability for the perovskite precursor. Performing the annealing step in a furnace,
where the samples are more homogeneously heated, resolved this issue. One could presume
that the perovskite films grown on top of the thus annealed NiO, films should therefore
exhibit less pinholes. However, the correlation between perovskite film coverage and NiQO,,
annealing method remains to be properly investigated.

In terms of grain size, no difference is discernible between the films grown on pure
PEDOT:PSS and those deposited on PEDOT:PSS with 5 % DMSO added. This is in
contradiction to the results published by Adam et al. [113], who observed that DMSO as an
additive greatly enhanced crystal growth. However, a different type of PEDOT:PSS solution
(PH1000, instead of AT4083) was used, which might explain the different results. Compared
to the HTLs based on PEDOT:PSS, perovskite growth on NiO, appears to result in slightly
larger grains. Grain sizes range from around 130-300 nm.

(a) PEDOT:PSS (b) PEDOT:PSS (c) NiO,
(5 % DMSO)

Figure 3.1: SEM images of perovskite layers grown on different HTLs.

3.4 Spatial uniformity of solar cell performance

Highly efficient and reproducible solar cells should exhibit uniform layers that yield the
same PCE in all areas. To investigate whether this prerequisite was fulfilled for the cells
synthesised within this thesis, EBIC images of the active cell areas were taken. They revealed
that the EBIC signal was far from homogeneous. Small areas of a large current response
were surrounded by regions where only a comparatively small current could be extracted.
Apparently, only small parts of the cells yield high efficiency, thus limiting the total cell
efficiency. Figure 3.2 shows EBIC images of 4 nitrogen-stored cells with PEDOT:PSS as
HTL that were all located on the same substrate. Their relative positioning in the figure
roughly corresponds to their actual position on the square substrate. Areas with a large
EBIC response are shaded in red, those giving a small signal in blue. The different regions
form circular shapes and structures, indicating that the inhomogeneity might be a result of
solution processing (i.e. spin coating and anti-solvent dripping).

A closer investigation of the circular line rendering a high EBIC signal in the cell on the
lower right via profilometry (see Figure 3.3) reveals a variation in cell thickness. Whether the
high-efficiency circular line corresponds to a thicker region and in which layer the thickness
variation takes place cannot be deduced from the measurement. Further investigation, such
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as cross sectional SEM analysis, would be necessary.

EBIC / mA

@
8
S

o

"
=1
8
S

distance / pm

2
8
S
B B OB®

EBIC / mA
EBIC / mA

L] 1000 2000 3000 4000 0 1000 2000 3000 4000
distance / um distance / uym

Figure 3.2: EBIC images of 4 cells on the same substrate. During spin coating,
50 pl CB were applied. HTL: PEDOT:PSS. Positioning corresponds roughly to
actual position on the square substrate.
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Figure 3.3: More detailed investigation of circular line rendering a high EBIC

signal. (a) EBIC image: black rectangle indicates the segment displayed in (b)

SEM image showing part of the circular line together with a profilometer scan
measured along the dashed line.

3.4.1 Effect of anti-solvent dripping on the perovskite layer

To shed light on the influence of anti-solvent dripping on homogeneity, three perovskite films
on glass substrates with varying amounts (0, 25 and 50 ul) of the anti-solvent CB applied
were fabricated. The reduction or omission of anti-solvent lead to a huge difference in surface
morphology that was clearly visible with the naked eye (see Fig. 3.4). While the perovskite
film that was processed with 50 pul CB was shiny and reflective, the other two films with
0 and 25 pl CB had a dull, rough surface. In addition, holding the samples against the light
revealed a bad film coverage in the latter. Light was able to shine through many small holes
in the sample. The application of anti-solvent during spin coating indeed seems to have a
large impact on the crystallisation behaviour of the perovskite. Table 3.4 lists the average

Figure 3.4: Difference in surface roughness for perovskite films fabricated using
different amounts of anti-solvent. Photo shows perovskite films on glass substrates.
Amount of applied anti-solvent (from left to right): 50 pul, 25 ul, 0 ul.

thickness and roughness R, of the perovskite films with different amounts of anti-solvent
applied. The roughness increases by a factor larger than 20 upon moving from 50 to 0 pl
CB. Interestingly, there is only little difference between the surface morphologies of the film
to which no anti-solvent was applied and the one where 25 ul CB was applied.
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Table 3.4: Dependence of layer thickness and surface roughness of the perovskite
on top of glass on the amount of anti-solvent applied during spin coating.

CB / pl | thickness / nm | R, / nm
50 301 £8 7+3
25 316 £+ 30 140 £ 35
0 348 + 20 180130

A comparison of the film’s crystal structures via XRD (Fig. 3.5) reveals only slight
differences. The typical perovskite peaks are present in all samples, though the peaks are
less distinct for those with less to no anti-solvent applied. This could point to a reduced
degree of crystallinity. Small amounts of lead iodide (Pbls) can be found in all three films.
However, the XRD pattern of the samples with 0 and 25 ul anti-solvent exhibit a small
additional peak at 11.6°. Comparison with literature [132-134] suggests that the additional
peak might belong to the hexagonal §-phase of FAPbI3. This could indicate that in the cases
where less or no anti-solvent was applied FA-rich regions phase-separate and crystallise in
the d-phase that is stable at room temperature.

6000 No CB # Perovskite
25 4l CB ¢ Pbl,
—— 50 ulCB
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Figure 3.5: XRD pattern for perovskite films fabricated using different amounts of
the anti-solvent CB. Instrument: Rigaku.

3.4.2 Effect of anti-solvent dripping on the device performance

Subsequent to the above described investigations of perovskite films on glass, 6 fully working
solar cells were fabricated incorporating perovskite layers to which 0, 25 and 50 pl of anti-
solvent were applied, 3 with PEDOT:PSS as HTL and 3 with NiO,.

Figure 3.6 shows the achieved average solar cell parameters as a function of the amount of
anti-solvent. Surprisingly, the average efficiency is not improved by the anti-solvent dripping.
If anything, it seems to decrease with the amount of anti-solvent. In contrast, the standard
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deviation increases with the amount of CB that was applied, indicating that solar cells whose
perovskite layers were subjected to anti-solvent dripping are far less reproducible. This does
not come as a surprise considering that the anti-solvent step can be poorly controlled and
that the result sensitively depends on the exact dripping time, speed and force. Besides
that, spin coating itself, though a very fast, low-cost method for thin film processing, can
induce inhomogeneities in the film. The centrifugal forces, acting on the sample while it
is spinning, introduce strain effects and depending on the roughness and uniformity of the
underlying surface, the resulting thin film might not always be as uniform as desired.
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Figure 3.6: Effect of different amounts of anti-solvent (0, 25 and 50 ul) on achieved

solar cell parameters. Values represent average taken over 6 cells (1 substrate each)

with their standard deviation. Scan rate: 1000 mV/s. Scan direction: reverse.
Light source: Dedolight.

Comparing the EBIC images of cells fabricated using different amounts of anti-solvent
(Fig. 3.7 and 3.8) shows that none of the cells generate a homogeneous current signal but the
scale and shape of the inhomogeneities differ. Analogous to the surface morphology of the
perovskite films in Figure 3.4, the EBIC images appear rather smooth for 50 ul CB (Fig. 3.7)
but grainy in the cases of 25 and 0 pl (Fig. 3.8). For the former, inhomogeneities seem to stem
mainly from the impact of spin coating and anti-solvent dripping directly. The dropping
anti-solvent might have washed away part of the perovskite film, e.g. resulting in the circular
non-responsive region in the middle cell. For the latter, inhomogeneities seem to derive from
the crystallisation behaviour of the perovskite film. Clusters and grains with a high EBIC
signal are surrounded by areas that yield zero current. Combined with the observation
of poor film coverage mentioned above, the non-responsive regions might correspond to
regions where there is simply no (or only a very thin) perovskite layer present. Due to
unfortunate circumstances, no SEM measurements could be performed on the perovskite
layers to which less or no anti-solvent was applied. Taking SEM images of the film surfaces
would have allowed a direct comparison of the film micro structures (also to Fig. 3.1),
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possibly confirming the above mentioned hypotheses.

10 500

2
3
>

distance / pm
EBIC / mA

distance / pm
EBIC / mA

Woow oM N =
& 2 g 3 3
3 2 8 3
e & & & o

0 1000 2000 3000 4000
distance / um

EBIC / mA

EBIC / mA
EBIC / mA

0 1000 2000 3000 4000 0 1000 2000 3000 4000
distance / uym distance / ym

Figure 3.7: EBIC images of 5 cells on the same substrate. During spin coating

of the perovskite, 50 ul CB were applied. HTL: NiO,. Positioning corresponds

roughly to actual position on the square substrate. For the cell in the lower left
corner, part of the silver electrode was accidentally peeled off.

It would also be interesting to have EBIC images of cells that are close to the current
record of 25.2 % in terms of efficiency to check whether their excellent performance is due
to a more uniform power output over the entire cell area or whether the efficient regions are
merely much more efficient compared to the cells fabricated in this thesis.

45



EBIC / mA
EBIC / mA

0 1000 2000 3000 4000 0 1000 2000 3000 4000
distance / um distance / um

(a) 25 ul CB (b) 0 u1 CB

Figure 3.8: EBIC images of cells with 0 or 25 ul CB applied during anti-solvent
step.

3.5 Device encapsulation

To protect the perovskite solar cells from moisture and oxygen and to allow measurements in
ambient air without rapid degradation, a simple encapsulation method was tested on several
devices. The aim was not to achieve a perfect encapsulation that would prohibit oxygen and
moisture ingress on a permanent basis, but rather to achieve decent protection for a limited
period with minimal effort. For this reason, only the active area of the cells was covered by
a glass sheet, leaving the contact pads exposed (see Fig. 3.9a). That way, the encapsulated
cells could be electrically contacted in the same fashion as the unencapsulated devices. The
glass sheet was attached to the device by a thin layer of an encapsulant (see Fig. 3.9b). A
photo of an encapsulated device can be found in Figure 3.9c.

I
I
[]

_— Glass cover
Encapsulant
u — i

Glass substrate
with solar cell

|

[ 1]
(a) (b) (c)

Figure 3.9: Encapsulation method. (a) Top view. Area covered with glass sheet in
blue (1x1.2 mm). (b) Cross sectional view. (c) Photo of a substrate encapsulated
with UHU epoxy glue.

To find a suitable encapsulant, two different products were tested and compared with
each other. The first one was an encapsulation epoxy specifically designed for organic
photovoltaics and LEDs by Ossila. The second one was an ordinary 2-component epoxy
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adhesive by UHU (product no. 62981, see section 2.1.2). To test the effectiveness of the
encapsulant, JV-scans of the cells were measured directly before and after the encapsulation,
as well as after 1 and 4 days of storing the cells in ambient air. For an unencapsulated
reference device, the PCE dropped to 30 % of its initial value within 1 day. After 4 days,
the cell was almost completely degraded. Only 1 % of the initial efficiency was left.

Interestingly enough, the encapsulant by Ossila did not prove suitable for perovskite solar
cells. Upon application of the epoxy onto the surface of the cell, an almost instant change
of the perovskite to a more yellowish transparent colour was observable. The colour change
was more distinct if ZnO was part of the cell’s architecture. JV-scans revealed a drastic
decrease in cell efficiency after encapsulation with Ossila epoxy (Fig. 3.10a). Apparently,
the encapsulant chemically reacts with part of the solar cell. The change is most notable
in the short-circuit current which drops almost to zero. In comparison, the UHU epoxy
glue led to more promising results (Fig. 3.10b). The J,. remained almost constant over the
monitored period of time. Slight changes in FF and V,. are noticeable, but they appear to
stabilise 1 day after the encapsulation.

20 20
before encapsulation before encapsulation
15 after encapsulation 15 after encapsulation
after 1 day after 1 day
after 4 days after 4 days
10 «~ 10
£ £
L L
< <
= E S
> z
i B Ofmmmmmmmmmmm e
= <
[} 9]
© ©
3 3
< -10
-15
-20
0 0.2 0.4 0.6 0.8 1 0 0.2 04 086 08 1
Voltage /V Voltage / V
(a) Ossila encapsulation epoxy (b) UHU 2-component epoxy glue

Figure 3.10: Change in JV-curves upon ageing in ambient air for two different en-
capsulants. HTL: PEDOT:PSS. Scan speed: 1000 mV/s. Scan direction: reverse.
Light source: Dedolight.

Due to these promising results, several devices were encapsulated with UHU epoxy glue
in the described fashion, packaged in nitrogen atmosphere and transported to Vienna for
further measurements. However, re-measuring the cells in Vienna revealed distinct changes
of the encapsulated cells when compared to the unencapsulated ones (Fig. 3.11). The PCE
of all cells dropped upon transport, probably because the packaging was not completely
impermeable, yet the loss in PCE was larger in the encapsulated cells. This is most likely
due to the behaviour of the V,.. While the open circuit voltage improved on average for
unencapsulated cells, the UHU epoxy encapsulant appears to significantly reduce it. At the
same time the fill factor (FF) improves. However, the drop in V,. was not permanent. Upon
light soaking for several hours, the V,. went up to its original values of around 0.8 - 0.9 V
(see Fig. 6.6 in section 6.3.2).

Nevertheless, the encapsulant appears to react with and change the device, an effect
that is, in general, undesirable. The photo in Figure 3.12 provides another indication for a
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reaction of the encapsulant with the solar cell. Some days after the encapsulation, smears
in the perovskite layer appeared in some of the devices.

Another problem that was encountered with the above described encapsulation methods
was the degradation of the exposed contact pads. After a certain ageing time, electrical con-
tact to the cells was lost, and it was therefore impossible to check whether the encapsulated,
active cell area was still intact.

I unencapsulated
[ | I encapsulated with epoxy glue

155

relative to initial values

PCE

Figure 3.11: Average change in solar cell parameters for encapsulated and unencap-

sulated devices relative to their initial values measured directly after fabrication.

Measurements were taken after sealed transport to Vienna and 5-13 days of storage
in No-atmosphere for 21 unencapsulated and 18 encapsulated cells.

Figure 3.12: Photo of an encapsulated device. Smears, making the device trans-
parent, are visible in the centre of the substrate.
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3.6 Device characterisation

3.6.1 Device efficiencies and reproducibility

This section provides an overview of device efficiencies achieved by using the optimised
synthesis routes described in section 2.1.4 (and discussed above), and evaluates their repro-
ducibility.

Figure 3.13 shows a statistical analysis of all fabricated cells that achieved a PCE greater
than 1 %. In terms of device efficiency, NiO, as HTL clearly gives the best results, followed
by PEDOT:PSS with DMSO, and pure PEDOT:PSS. The distributions roughly have Gaus-
sian shape, but with a large variance. Table 3.5 lists the percentage of cells that only
achieved a PCE below 1 % and were thus classified as failures. The failure rate was espe-
cially high for cells with PEDOT:PSS + DMSO for reasons discussed above (sec. 3.2.1). All
this shows that reproducibility is not very good, even though great care was taken during
synthesis to process all cells in the same manner. This might be due to the fact that many

35 [E all working cells with pure PEDOT:PSS 20f [ all working cells with PEDOT:PSS + DMSO
Average: 6.70 + 2.30 % 18 Average: 8.96 + 2.66 %

number of cells
number of cells

14 16
PCE /%

(a)

[ all working cells with NiOx

Average: 9.89 + 3.49 %

number of cells

2 4 6 8 10 12 14 16
PCE/ %

(c)

Figure 3.13: Distribution of efficiencies achieved with different cells architectures.

(a) all working cells with pure PEDOT:PSS as HTL. (b) all working cells with

DMSO (5 % or 10 %) added to PEDOT:PSS as HTL. (c) all working cells with

NiQ,, as HTL. Efficiency was extracted from fast reverse JV-scans with a scan rate
of 1000 mV/s.

process parameters could not be properly controlled, the most crucial of them probably the
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Table 3.5: Percentage of fabricated cells whose PCE was below 1 %. Those cells
were considered as failures.

HTL failure / %
PEDOT:PSS 15.9
PEDOT:PSS (5 % or 10 % DMSO) | 24.1
NiO, 94

weighing in of the perovskite precursor and the anti-solvent dripping (see section 2.1.3). The
actual molar ratios of the components in the precursor usually deviated slightly from the
calculated values. Such a variation in the composition might influence the crystallisation of
the perovskite. However, careful analysis of the data did not reveal a distinct correlation
between precursor composition and achieved device parameters. Regarding the anti-solvent
step, the homogeneity of the resulting film heavily depends on the exact time of dripping,
the distance between the pipette tip and the substrate, and the force and speed with which
the anti-solvent is applied. Sufficiently reproducible results can probably only be achieved
by an automation of this process. Other factors that might influence the achieved device
efficiency are fluctuations in room temperature and relative humidity, as well as different
amounts of solvent vapour present inside the glovebox.

3.6.2 Layer thicknesses

Thicknesses of the individual layers in the solar cell setup were measured by profilometry and
evaluation of SEM cross sectional images. For each layer, SEM images of several different
samples were taken. From the extracted thickness values an average was calculated. In
order to determine the thickness of the NiO, films, x-ray reflectivity (XRR) measurements
were taken because profilometry did not work in this case. Probably, NiO, is too hard to
scratch with a common blade. The measurement results obtained by the different methods
are listed in Table 3.6. The agreement is quite good for most of the layers. In comparing
them, one has to take into account that measurements were performed on different samples,
although all were fabricated using the same process parameters. In addition to measuring
inaccuracy, a certain degree of thickness variation occurring over the different samples can
be expected.

In contrast, the thickness values obtained for PCgoBM differ by more than 100 %. This
could have several reasons. As noticeable in Figure 3.14b, the thickness of the PCgBM
layer varies quite a lot, filling the valleys within the perovskite film and reducing its surface
roughness. In extracting the thickness from the SEM images, places where the layer was
clearly discernible, and thus of notable thickness, were chosen. Most likely, this led to an
overestimation of the average thickness.

The perovskite layers reveal thicknesses below 300 nm while values reported in literature
are generally higher (310-350 nm) [37,114,118]. Increasing the perovskite thickness, e.g. by
reducing the spin coating speed or raising the concentration of the precursor, could lead to
higher absorption, and thus higher efficiencies. Regarding the Ag electrode, measured film
thicknesses are lower than the desired 120 nm (see section 2.1.4). This could be improved
by adjusting the tooling factor of the quartz crystal thickness monitor.

50



Figure 3.14 shows cross sectional images of two solar cells, one with PEDOT:PSS as
HTL, the other with NiO,.

Table 3.6: Average thicknesses for the different layers in the solar cell architecture,
measured by different methods.

Profilometer | SEM | XRR
Layer thickness / nm
1TO 121 + 5 130 £ 6 -
NiO, - 202 | 21£2
PEDOT:PSS 49+ 5| 40+ 10 -
Perovskite 285 + 15 | 285 £ 20 -
PC(60)BM 30+ 15| 68+ 15 -
Zn0O 34 + 15 47 £+ 10 -
Ag 108 £ 2 94 + 20 -

(a) PEDOT:PSS as HTL (b) NiO, as HTL

Figure 3.14: SEM cross sections of completed solar cells. Sequence of layers from
bottom to top: glass/ITO/HTL/perovskite/PC(60)BM/Zn0O/Ag.

3.6.3 XRD characterisation

To facilitate the peak identification in XRD pattern of completed solar cell devices, XRD
measurements of the separate materials were performed (see Fig. 3.15). A list of the
peak positions can be found in Table 3.7. The values are in good agreement with liter-
ature [37,135-138]. For Pbly, not all peaks that were reported in literature [136] appear in
the measurement in Figure 3.15. Nonetheless, they are listed in Table 3.7 for the sake of
completeness.
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Figure 3.15: XRD pattern of single layers on glass substrates. Instrument: Rigaku.

Table 3.7: XRD peak positions (20) of the materials used in the solar cell setup.
Unless indicated otherwise, peak positions were derived from the measurements in
Figure 3.15 by Split Pseudo-Voigt peak fitting.

triple-cation ITO/° | Ag/° | Pbly/°
perovskite / °

14.0 214 38.1 12.6
19.9 30.3 44.2 26.0 *
24.5 35.2 34.9
28.3 374 39.0 *
31.8 454 45.5 *
40.5 50.7 53.0 *
43.1 55.6

50.2 60.3

52.4

60.7

* taken from [136]
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3.6.4 Hysteresis

Hysteresis was present to some degree in all cells that were fabricated for this thesis. The
magnitude and shape of hysteresis varied but no distinct tendency or correlation with other
parameters could be identified which is why hysteresis effects often have been disregarded
in the discussion of the results. Figure 3.16 shows some examples of hysteresis in both cells
with PEDOT:PSS as HTL and cells with NiO,.
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Figure 3.16: Hysteresis of exemplary JV-curves for cells with different hole trans-
port layers. Scan speed: 100 mV/s. Delay time: 100 ms. Light source: Dedolight.

3.6.5 Effect of different scan speeds

In order to estimate the effect of different scan speeds on the JV-characteristics, a cell
with NiO, as HTL was repeatedly measured using different delay times (see Fig. 3.17).
However, the change in JV-curves seems to be dominated by the effect of illumination.
The Js. increases continuously with the succeeding scans, independent of the scan speed
that starts at high values, goes down to lower values and back to high ones again. Only
the FF is consistently higher for slower scan rates. One therefore needs to take great care
when performing JV-characterisation. It is not only the choice of measurement parameters
that influences the result but even more importantly the history of the sample, especially
its exposure to light. This has already been demonstrated by Unger et al. [59]. They
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showed that subjecting a device to illumination at positive bias, or while performing several
cycles between 0 V and V., significantly improves the PCE. Comparing the two scans in
Figure 3.17 with 50 ms delay time shows that the first scan (1) yields a PCE of 3.34 % while
the second (4) has improved to 4.76 %.
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Figure 3.17: Effect of different scan speeds on JV-curve. Measurements were per-

formed in the chronological order (1) to (5). Delay time at each voltage step is

given in ms, scan speed in mV/s. Scan direction: reverse. Dashed arrow indicates

the tendency of Js. to increase upon prolonged illumination, independent of scan
speed. HTL: NiO,. Light source: Dedolight.

3.7 Conclusion

To sum up, for this thesis, inverted p-i-n perovskite solar cells could be successfully syn-
thesised with two different hole transport layers: organic PEDOT:PSS and inorganic NiO,.
In terms of optimisation of PEDOT:PSS, it could be shown that DMSO as an additive
significantly improves the short-circuit current density Js., and thus the power conversion
efficiency PCE, of the resulting solar cells. This is in agreement with previously reported
results [111,112]. However, issues with film uniformity were encountered that could not be
resolved satisfactorily within this thesis’ work. Using the inorganic NiO, as a hole transport
layer resulted in very promising device efficiencies when the annealing of the NiO, films was
performed inside a furnace. Regarding the electron transport layer, the introduction of a
ZnO nanoparticle layer on top of PCBM lead to much higher efficiencies, most likely due to
an improvement of the charge extraction and blocking properties. However no optimisation
in terms of layer thickness was performed. Optimising the deposition parameters, such as
spin-coating speed, duration and annealing procedures, for each layer individually, would
probably lead to still more improvements in the solar cell performance.
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Regarding the perovskite film formation, SEM images showed a very regular polycrys-
talline micro structure with grain sizes ranging from 130-300 nm. Pin holes are rare for
perovskite films grown on top of hole transport layers that were deposited by the optimised
routes discussed in sections 3.2.1-3.2.2. The XRD measurements in section 3.6.3 show a high
degree of crystallinity of the deposited perovskite layers, sometimes with a small amount of
Pbl; present. EBIC images taken of completed solar cells revealed that the spatial uniform-
ity of solar cell performance was bad. This might be due to the 1-step deposition method
(see section 2.1.3) that was used for the perovskite layers because the appertaining anti-
solvent dripping step is poorly controllable. Nevertheless, it has a large influence on the
crystallisation process of the perovskite, as was demonstrated in section 3.4.1. However,
even though the surface morphology is drastically altered by applying an anti-solvent, no
significant improvement of the total device performance could be observed. It seems that the
negative impacts of anti-solvent dripping (i.e. bad film uniformity) counteract the positive
aspects. Despite the easy, fast processing of the 1-step method, other deposition techniques,
such as the 2-step method or vapour deposition, might be better suited to achieve higher
film uniformity, and hence a spatially more homogeneous device performance.

In terms of device encapsulation, no well-suited encapsulant could be found, although
decent results were achieved with UHU epoxy glue.

Average device efficiencies that could be achieved amounted to 6.7 £ 2.3 % for cells
with pure PEDOT:PSS as HTL, 9.0 &+ 2.7 % for PEDOT:PSS+DMSO and 9.9 + 3.5 % for
Cs-doped NiO,.
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Chapter 4

Stability towards moisture

4.1 Introduction

This section focusses on the stability of perovskite solar cells towards moisture. As described
in section 1.3.3, the perovskite structure takes on water easily which results in the form-
ation of hydrates, or in the worst case, the complete decomposition of the crystal. It has
already been demonstrated [105] that, for an optimised encapsulation and device architec-
ture, perovskite solar cells can withstand high levels of humidity and temperature, as are
present during the damp heat test, for 100 hours. However, without a proper encapsulation
perovskite solar cells can be expected to degrade within a very short time period. It was
the aim of the damp heat tests performed in this section to investigate exactly how short
this time period was and examine the structural changes that occur upon exposure to mois-
ture. Furthermore, the effectiveness of the encapsulation method developed in the previous
section 3.5 was tested with respect to its protection against moisture ingress.

4.2 Damp heat testing

As briefly described in section 1.4.2, damp heat testing is a standard stability testing routine
during which the cells are exposed to 85 °C and 85 % relative humidity.

4.2.1 Measurement routine

For this thesis, damp heat tests were performed on two cells with PEDOT:PSS as hole
transport layer, one unencapsulated and one encapsulated with UHU epoxy glue (see 3.5 for
details on the encapsulation method).

The tests were performed inside a climate chamber that was pre-heated to 85 °C and
85 % relative humidity. However, damp heat conditions were not perfectly fulfilled during
the experiment. For the loading and unloading of the chamber, the door had to be opened
for a few seconds, causing part of the humidity to escape. Since most cells were kept inside
the chamber for a couple of minutes only, the humidity level did not reach the desired value
of 85 % again within this period but was around 60 %. In addition to that, the devices were
at room temperature when put into the climate chamber which resulted in water vapour
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condensing on the surfaces, forming large droplets. It can be expected that liquid water is
much more efficient in penetrating the solar cell and dissolving the perovskite. To avoid such
condensation in future experiments, samples should be preheated to 85 °C before entering
the climate chamber.

To track the stability of the devices, the samples were removed from the chamber at
regular intervals, subjected to JV- and XRD characterisation and returned to the chamber.
In the discussion of the results, stated time intervals always refer to the total time that
the sample has spent inside the damp heat chamber. For the encapsulated device, no XRD
characterisation was possible.

4.3 Damp heat for an unencapsulated device

Visual degradation of the unencapsulated device is already visible after 1 min in damp
heat (see Fig. 4.1). The sample has become partly translucent and blotchy. After 5 min,
the silver electrodes show distinct signs of degradation and the subjacent layers look very
inhomogeneous. Figure 4.2 displays JV-curves of one of the cells on the sample that were
measured after different time intervals inside the climate chamber. Already after 1 min inside
the damp heat chamber, the cell has lost almost all its photovoltaic efficiency. The JV-curve
still resembles that of a solar cell but both Js. and V,. are negligibly low. After 3 min,
the cell does not exhibit any photovoltaic response anymore. Dark and light JV-curves are
almost identical in shape.

1 min

5 min

Figure 4.1: Photos of an unencapsulated device after being subjected to damp heat
conditions for different time intervals.
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Figure 4.2: Change in JV-scans of a device subjected to damp heat conditions.
Solid (dashed) line corresponds to illuminated (dark) scan. Scan direction: reverse.
Scan speed: 250 mV/s. Light Source: solar simulator.

4.3.1 Structural changes (XRD)

The change in crystal structure upon damp heat testing is shown in Figure 4.3. After 1 min,
a small amount of Pblsy is visible that disappears in due course. Instead, several other
peaks emerge, the most distinct at around 11.9 °C, while the peaks associated with the
perovskite crystal structure are greatly reduced in intensity. Comparing the emerging peaks
with literature suggests that the new structure that forms might be some kind of hydrate.
The fact that no evidence of large amounts of Pbly forming upon damp heat testing might
either indicate that the perovskite does not fully and irreversibly decompose or that some
components, such as iodine, are dissolved by water and removed from the structure, thus
preventing Pbls-formation. The former could be verified by drying the sample for several
hours subsequent to the damp heat exposure and remeasure its XRD. However, considering
the state of the device after 5 min of damp heat testing (see Fig. 4.1), it is very unlikely
that drying would be able to revert it to its original state. Table 4.1 lists the positions of
the peaks that emerged upon damp heat exposure.

As a final remark, it should be mentioned that the area illuminated by the x-ray beam
was only 2.3x1 mm, and therefore smaller than the active cell area. It was attempted to
measure the same part of the sample at each characterisation step. Positioning might not
have been exact, though, and it is therefore possible that changes in the XRD pattern
measured after 1 to 5 min were due to a shift in the illuminated area rather than due to an
actual structural change. Nonetheless, the failure of the perovskite solar cell within minutes
when subjected to damp heat without any protective encapsulation could be successfully
shown and the development of a hydrate-like structure verified by XRD characterisation.
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Figure 4.3: Change in XRD pattern for a device subjected to damp heat conditions

(lower graph) after different exposure times in comparison with an XRD pattern

calculated for a copper x-ray source (upper graph, reprinted from [82]. Copyright

(© 2015, American Chemical Society). The positions of the peaks appearing upon

damp heat testing roughly correspond to those of the dihydrate (black line in the
upper graph). Instrument: ThermoScientific.

4.4 Encapsulated device

The results of damp heat testing for the encapsulated device are presented in the following.
After 1 min in the damp heat chamber, the encapsulated area still looked fully intact (see
photo in Fig. 4.4) while the unprotected device area showed signs of severe degradation.
Unfortunately, due to the degradation of the outer contact pads, no electrical contact to the
encapsulated solar cells could be achieved. Thus, it could not be tested whether the cells
that looked intact were indeed still functioning. Because of this, testing of the effectiveness
of the encapsulation could be performed by visual inspection only. The device was kept in

60



Table 4.1: XRD peaks appearing in unencapsulated devices after damp heat test-
ing. Peak position was averaged over all measurements (exposure times: 1 min,
2 min, 3 min, 5 min).

20 /° | A2 /°
11.9 0.1
20.5 0.1
23.8 0.1
25.7 0.1
26.6 0.2
32.6 0.2
33.5 0.1
35.8 0.2

the damp heat chamber until signs of failure could be observed for the encapsulation. This
was the case after over an hour in the damp heat chamber at which point the encapsulation
began to fail at the edges. To put this result in context, the IEC standard test requires
the devices to withstand 1000 hours in the damp heat (see section 1.4.2). However, since
the aim of the encapsulation developed for this thesis was only to provide crude, short-term
protection, the result is quite satisfying.

1 min

1 h 40 min

Figure 4.4: Photos of an encapsulated device after being subjected to damp heat
conditions for different time intervals. After 1 hour and 40 min, the encapsulation
begins to fail at the edges.

4.5 Conclusion

To sum up, the damp heat tests above could successfully demonstrate that unencapsulated
perovskite solar cells of the device architecture used for this thesis rapidly degrade in damp

61



heat conditions. 1 min in the damp heat chamber sufficed to cause a loss in device efficiency
of over 95 %. XRD analysis revealed a strong decrease in the height of the peaks that
correspond to the perovskite structure while new peaks, possibly belonging to a hydrate
compound, appeared (Fig. 4.3).

By encapsulating the cells with UHU epoxy glue, major moisture ingress could be suc-
cessfully prevented for more than 1 hour. After 1 hour 40 minutes, the encapsulation began
to fail at the edges. Unfortunately, electric contact to the encapsulated cells was lost after
the first minute in damp heat. For this reason, no information on the electrical state of the
cells could be gained.
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Chapter 5

Influence of storage conditions

5.1 Introduction

As described in section 1.3, perovskite solar cells are sensitive to almost all possible external
stressors: oxygen, moisture, light, temperature and electrical fields. This results in a multi-
tude of different degradation pathways that most likely interact, forming a complex system.
To gain a better understanding of how a device reacts to a specific external stressor and how
these degradation mechanisms are influenced by the presence of other stressors, it is crucial
to separate out the individual effects and perform stability tests on devices exposed to one
stressor at a time.

A standard stability testing routine, as discussed in section 1.4.2; is shelf life testing.
During shelf life testing, the stability of solar cells under different storage conditions is
investigated, the most basic one being dark storage at room temperature.

Because the previous section 4 confirmed the high sensitivity of perovskite solar cells to
the presence of humidity, for this thesis shelf life testing was performed only in dry, low-
humidity environments. Two different storage conditions were chosen: dark storage in an
inert nitrogen atmosphere and dark storage in dry air. Measurement routines and results
for both variants are described in the following sections.

5.2 Dark storage in inert atmosphere

Dark storage in inert atmosphere eliminates all possible external influences that might induce
degradation of the solar cells. As long as no internal mechanisms occur, such as chemical
reactions or ion diffusion, the cell should remain perfectly stable. However, in order to
monitor the stability of the cells, regular measurements are necessary that require short-
term exposure of the cell to light and electrical bias.

5.2.1 Measurement routine

Dark storage testing was carried out for 6 perovskite solar cells located on 6 different sub-
strates (3 with pure PEDOT:PSS as HTL, 3 with 5 % DMSO added). The cells were
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wrapped in aluminium foil to achieve dark conditions and kept inside the glovebox (nitro-
gen atmosphere) for 350 hours. At regular intervals, JV-scans were performed to track their
performance. The cells were unwrapped and placed into the light just before measuring
them. That way exposure to light was minimized and the cells could be measured as close
as possible to their dark state. JV-scans were performed first in forward direction, immedi-
ately followed by the reverse scan. A rather low scan speed (26 mV/s, 500 ms per voltage
step) was chosen to reduce hysteretic effects, as suggested by Unger et al. [59].

After the 350 hours, the cells were removed from the glovebox to perform XRD charac-
terisation.

5.2.2 Initial characterisation

Table 5.1 lists the solar cell parameters of the devices that were subjected to dark storage in
inert atmosphere. It should be noted here that the batch that was used for testing storage
conditions was not a very good one. J,. values were only around 10 mA /cm?, which was
probably because there were issues with the evaporation of the silver electrode. Only a
82 nm-thick electrode could be deposited instead of the usual 120 nm. However, this should
not have had any influence on the storage stability of the cells.

Table 5.1: Initial solar cell parameters of devices (3 with pure PEDOT:PSS as

HTL, 3 with 5 % DMSO added) subjected to dark storage inside the glovebox

(inert atmosphere). Scan parameters: 1000 ms per step, scan speed 13 mV/s.
Light source: Dedolight.

’ Cell type ‘ Scan direction ‘ Voo /| V ‘ Jse / mA/em? ‘ FF ‘ PCE / % ‘
forward 0.96 6.70 0.69 4.62
reverse 0.88 8.02 0.41 2.99
PEDOT:PSS forward 0.94 5.46 0.71 3.77
reverse 0.90 6.98 0.41 2.66
forward 0.91 6.98 0.63 4.22
reverse 0.86 7.76 0.42 2.87
forward 0.85 8.96 0.60 4.73
reverse 0.86 10.09 0.53 4.71
PEDOT:PSS forward 0.86 10.46 0.49 4.54
(5 % DMSO) reverse 0.87 11.34 051 | 517
forward 0.77 11.71 0.64 5.89
reverse 0.81 13.84 0.57 6.42

5.2.3 Results

The results of dark storage in inert atmosphere can be found in Figure 5.1-5.2 for the JV-
scans measured in forward an reverse direction respectively. A fact that immediately catches
the eye is that the curves resulting from the JV-scans in forward and reverse direction look
quite differently. This might to some extent be caused by hysteretic effects. However,
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repeating the JV-scans while keeping the cells illuminated, revealed a drift of the JV-curves,
suggesting that metastable effects induced by the illumination might play a role. A strong
response to light was already discussed in section 3.6.5 where it was demonstrated that
the effect of illumination dominates the effect of different scan speeds. It can therefore be
assumed that the discrepancy between the forward and reverse scans observed here is also
to a large extent caused by the effect of light. The results derived from the reverse scans
(Fig. 5.2) show a much narrower spread than that from the forward scans, suggesting that,
upon illumination, the devices move towards a stabilised state and that this stabilised state
does not significantly change over time when the devices are stored in the dark in nitrogen
atmosphere. The effect of metastabilities and the cell’s response to illumination will be
discussed in more detail in due course (see section 5.6 and 6).

To eliminate the effect of illumination, one could monitor the JV-curves only in the dark
and check whether their shape changes over time. However, dark JV-curves provide inform-
ation only on the diode behaviour of the solar cell, determination of the power conversion
efficiency and other characteristic solar cell parameters requires (short-time) illumination.

On the whole, neglecting the instability of the cells towards illumination, it can be
concluded that the majority of the cells are stable when stored in the dark in an inert
atmosphere. For both cells with pure PEDOT:PSS and cells with 5 % DMSO 2 out of 3
cells maintained more than 98 % of their initial PCE, when looking at the reverse scans,
and can thus be considered stable. However, 1 out of 3 cells exhibited a significant loss in
PCE that might have been induced by the presence of electric fields and/or illumination.
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Figure 5.1: Change in solar cell parameters upon dark storage in nitrogen atmo-
sphere. Scan direction: forward. 500 ms per step, scan speed 26 mV/s. Light
source: Dedolight.
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Figure 5.2: Change in solar cell parameters upon dark storage in nitrogen atmo-
sphere. Scan direction: reverse. 500 ms per step, scan speed 26 mV/s. Light
source: Dedolight.

5.3 Dark storage in dry air

Compared to dark storage in inert atmosphere, dark storage in dry air introduces the external
factor oxygen. As discussed in section 1.3.2, perovskite solar cells are only expected to
degrade due to oxygen if light is present at the same time. Therefore, cells stored in the
dark in dry air should be stable. However, in order to monitor the stability of the cells,
regular measurements are necessary that require short-term exposure of the cell to light and
electrical bias.

5.3.1 Measurement routine

Analogous to the dark storage measurements in inert atmosphere, 6 cells located on 6
different substrates (3 with PEDOT:PSS as HTL, 3 with PEDOT:PSS (5 % DMSO)) were
monitored. Again, the samples were wrapped in aluminium foil to keep them in the dark.
Dry air conditions were achieved by placing the cells in a desiccator filled with calcium
chloride.

However, the desiccator was not properly closed at all times during the storage period.
Because it was not evacuated, it tended to slide open on its own accord after several hours.
This issue was only discovered and eliminated after 140 hours. From that time on, a slight
vacuum was generated inside the desiccator to keep the lid closed while at the same time
retaining a large enough amount of oxygen inside it. Thus, when looking at the results of the
dark storage testing, one has to keep in mind, though, that the dry air conditions probably
have not been perfectly fulfilled for the first 140 hours.
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5.3.2 Initial characterisation

Table 5.2 shows the initial solar cell parameters of the cells stored in the desiccator. They
came from the same batch as the cells used for dark storage testing in inert atmosphere,
and therefore exhibit the same low J,.-values.

Table 5.2: Solar cell parameters of devices (3 with pure PEDOT:PSS as HTL, 3
with 5 % DMSO added) used for dry air ageing. Scan parameters: 1000 ms per
step, scan speed 13 mV/s. Light source: Dedolight.

Cell type ‘ Scan direction ‘ Voe /| V ‘ Jse / mA/cm? ‘ FF ‘ PCE / % ‘
forward 0.83 4.48 0.66 2.52
reverse 0.82 5.83 0.47 2.30
PEDOT-PSS forward 0.91 5.83 0.61 3.33
reverse 0.87 6.54 0.45 2.59
forward 0.95 6.46 0.69 4.32
reverse 0.91 7.96 0.40 3.03
forward 0.86 8.96 0.56 4.58
reverse 0.87 9.99 0.53 4.86
PEDOT:PSS forward 0.92 10.57 0.58 5.89
(5 % DMSO) reverse 0.90 11.77 0.50 | 5.51
forward 0.88 10.66 0.60 5.81
reverse 0.88 12.22 0.52 5.96

5.3.3 Results

The results of dark storage in dry air are depicted in Figure 5.3-5.4 for scan direction in
forward and reverse direction respectively. Again, the curves resulting from the JV-scans in
forward and reverse direction differ significantly. As stated above, possible reasons could be
hysteretic effects as well as a metastable response of the cells to illumination.

Comparing the behaviour of the devices with pure PEDOT:PSS and those with 5 %
DMSO added for both scan directions (Fig. 5.3 and 5.4), shows that the latter degrade
slightly faster and also end up at lower final efficiency values. Degradation takes place
primarily in the current. This can be deduced from the fact that the degradation curves of
Jse and PCE are of similar shape. While the V. of devices with pure PEDOT:PSS remains
fairly constant throughout the course of the measurements, the cells with DMSO exhibit a
significant drop in voltage when measured in reverse direction (Fig. 5.4).

To conclude, rapid degradation (i.e. an efficiency loss by over 50 % within roughly 2
days) could be observed for both cells with PEDOT:PSS and cells with PEDOT:PSS (5 %
DMSO). This does not agree with the assumption (see above, section 5.3) that oxygen is
only detrimental in the combined presence of light. It is, however, unclear to what extent
the cells were involuntarily exposed to humidity during the experiment due to the imperfect
closing of the desiccator mentioned above (section 5.3.1). And even without the leakiness of
the desiccator, cells were exposed to (humid) ambient air for several minutes during transfer
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from the desiccator to the glovebox. Thus, the observed degradation could also have been
caused partly by exposure to humidity.

To investigate whether the presence of humidity played a role in the observed degrada-
tion, it is necessary to repeat the stability test using an improved measurement setup and
routine that completely eliminates any exposure to humidity.

But regardless of whether degradation was induced by oxygen, humidity or some other
unknown factor, the present experiment clearly demonstrated the importance of protecting
perovskite solar cells from any external influences in order to keep them from degrading.
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Figure 5.3: Change in solar cell parameters upon dark storage in dry air. Scan
direction: forward. 500 ms per step, scan speed 26 mV/s. Light source: Dedolight.
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Figure 5.4: Change in solar cell parameters upon dark storage in dry air. Scan
direction: reverse. 500 ms per step, scan speed 26 mV /s. Light source: Dedolight.

5.4 Degradation of the silver electrodes: Effect of elec-
tric fields

Figure 5.5 shows a photo of two of the samples that were subjected to shelf life testing, one
that was stored in nitrogen atmosphere and one that was aged in dry air. For the latter,
a slight blurring of the electrodes around the edges is visible. The electrode of the cell
whose JV-characteristics were repeatedly measured (marked with a pink circle) darkened
noticeably, indicating a degradation of the silver electrode. Apparently, the presence of
electric fields and/or current flow has an effect on the degradation. It either speeds up the
process or introduces new degradation pathways.

N,-stored Aged in dry air

Figure 5.5: Photo of a device stored inside the glovebox and a device stored in dry
air (both with PEDOT:PSS as HTL) after 350 hours.
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5.5 Structural changes (XRD)

An interesting result was obtained by comparing the XRD pattern of an almost fully de-
graded cell stored in dry air and a reference cell whose efficiency had even improved over the
monitored period. Even though the cells differ greatly in terms of performance, only small
differences are revealed in their bulk crystal structure. In the air-aged cell, a small addi-
tional peak at 11.3 © emerges, while the peaks assigned to the perovskite structure slightly
decrease in height. Apparently, the observed degradation upon exposure to (dry) air is not
predominantly caused by a change in bulk structure. This suggests that degradation mainly
happens at the interface(s) whose volume is not large enough to affect the XRD. It would
certainly be interesting to know how the bulk crystal structure looked before the cells were
aged. However, no XRD measurements were taken before the stability tests because they
would have required undesirable exposure of the cells to ambient air.
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Figure 5.6: Comparison of XRD pattern of devices with PEDOT:PSS (5 % DMSO)

as HTL after 350 hours dark storage in nitrogen atmosphere and dry air respect-

ively. Instrument: Rigaku. PCE values were measured in reverse direction, 500 ms
per step, scan speed 26 mV/s.

5.6 Transient behaviour of JV-curves

The observation that solar cell parameters greatly depend on the scan direction as well as
on the illumination time initiated further measurements striving to elucidate this peculiar
behaviour. They were performed after 200 hours dark storage subsequent to the regular JV-
measurements. After 4 consecutive JV-scans (with the following sequence of scan directions:
forward-reverse-forward-reverse), the steady-state current was measured at several voltage
points between the V,. and the V,,,,. This was done by allowing the cell to stabilise at
the particular voltage for 60 s before recording the current. For a stabilised cell, one would
expect the consecutive forward scans, as well as the consecutive reverse scans, to coincide.
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There might be a difference between the forward and reverse scans due to hysteresis. The
steady state should lie somewhere in between the two scan directions, as was successfully
demonstrated by Christians et al. [126].

However, neither the cells aged in dry air (Fig. 5.7) and nor those stored in nitrogen at-
mosphere (Fig. 5.8) exhibit this behaviour. Instead, the JV-curves appear to shift towards
the steady-state over time, indicating that the cells undergo internal changes upon illumin-
ation until they reach a stabilised state. This transient change is most pronounced for the
cells with 5 % DMSO. It even proceeds in opposing directions, depending on the degradation
state of the samples. For cells aged in dry air, the efficiency drops upon illumination due
to a decrease in both I;. and V,.. However, if the cells have not come into contact with
air, the I, greatly improves upon illumination, while the V,. remains fairly constant. Since
the magnitude of the shift is much smaller for devices with pure PEDOT:PSS (see Fig. 5.7b
and 5.8b), one can conclude that the change in the JV-curve is due to changes in the HTL.
Apparently, light quite strongly alters the properties of DMSO-doped PEDOT:PSS. The
increase in I, for the non-degraded cell (Fig. 5.8a) suggests that illumination enhances the
conductivity of the HTL. However, in combination with air exposure, light seems to be det-
rimental to both the V,. and the I,.. As much as the addition of DMSO to PEDOT:PSS
initially seems to boost the cell’s efficiency, it seems to increase its instability towards air.

The case of pure PEDOT:PSS is different in the way that the shift is in the same direction
for both the air-aged cell and the non-degraded cell, and that it is much smaller in extent.
In Figure 5.7b, the second pair of JV-scans (forward and reverse) almost coincide with the
steady-state values, suggesting that the cell has already reached its stabilised state.
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Figure 5.7: Transient behaviour of JV-curves for devices aged in dry air. Scans
were measured in the chronological order (1)-(5). Time per voltage step given in
ms. Light source: Dedolight.
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Figure 5.8: Transient behaviour of JV-curves for reference devices stored inside
the glovebox. Scans were measured in the chronological order (1)-(5). Time per
voltage step given in ms. Light source: Dedolight.

5.7 Conclusion

In this section, the influence of storage conditions on the stability of perovskite solar cells
with PEDOT:PSS (with and without DMSO added) were investigated. Dark storage testing
was carried out in an inert nitrogen atmosphere and in dry air over a time period of 350 hours.

It could be demonstrated that approximately 2/3 of the devices stored in the dark in
inert atmosphere remained reasonably stable, indicating that internal chemical reactions or
ion diffusion processes do not occur on a large scale without any external influences such as
oxygen, light, moisture or electric fields.

Exposure to dry air (i.e. oxygen) was shown to induce rapid degradation in all invest-
igated devices, though those with DMSO-doped PEDOT:PSS were observed to degrade
slightly faster. After 350 hours, all cells had lost over 80 % of their initial efficiency. A com-
parison of XRD results for thus degraded cells and fully intact nitrogen-stored cells revealed
only small differences (see section 5.5). This indicates that the main cause of degradation
is not a change of the bulk crystal structure but might be located at the interfaces or in
volumes too small to show up in XRD. It was also shown (section 5.4) that electric fields
speed up the degradation of the top silver electrodes.

Proper quantification of the degradation has proven difficult because the determination
of the solar cell parameters requires exposure to light and the cells were observed to be
quite unstable towards illumination. One can therefore either measure the cell as close to
its dark state as possible by keeping measurement and illumination times short (which was
tried for this thesis), or one can attempt to measure the steady-state (e.g. by very slow scan
speeds or MPP-tracking) which requires longer illumination times and moves the cell away
from its dark state. In addition, if the illumination times are too long, they might induce
degradational changes. That way the testing conditions for ’dark storage’ would not be
fulfilled anymore. Furthermore, light is known to play an important role in oxygen-induced
degradation (see section 1.3.2). It can therefore be expected that exposing cells that were
stored in dry air and are most likely saturated with oxygen to light will significantly speed
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up degradation. To better understand the role these factors play during dark storage testing,
further experiments are required. The metastable behaviour of perovskite solar cells upon
exposure to light is discussed in more detail in section 6.

73



74



Chapter 6

Stability towards light for
different HTLs

6.1 Introduction

Previous results discussed in section 3.6.5 and 5.6 have already shown that perovskite solar
cells respond to illumination. This section discusses the cells’ stability towards light in
greater detail.

In general, a solar cell can respond in 3 different ways to illumination. In the ideal case,
the cell does not show any light-induced changes and is therefore stable towards illumination.
If a response can be observed, it can take two different forms. Either the change is permanent
(unstable behaviour) or it is reversible upon removal of the stressor (metastable behaviour).
Metastable effects upon illumination are already known from other thin-film photovoltaic
technologies, such as CIGS or CdTe-cells, where they were traced back to point defects (see
section 1.4.3).

To investigate the stability of perovskite solar cells towards illumination, light/dark
soaking experiments in different atmospheres were performed, as well as MPP-tracking.
The measurements were carried out for cells with different hole transport layers so as to
determine the impact of the hole transport layer on the cells’ stability behaviour. Cells with
organic PEDOT:PSS (with and without addition of DMSO) as HTL were compared to cells
with an inorganic NiO, layer.

6.2 Light/Dark soaking

Light/dark soaking allows to investigate the stability of perovskite solar cells towards il-
lumination at open circuit conditions, i.e. without any current flow. During light (dark)
soaking the cells are continuously illuminated (kept in the dark). At regular intervals, their
JV-curves are measured. In between the measurements, the solar cell is kept at open circuit.

Light soaking experiments were carried out in different atmospheres (see below) and for
different hole transport layers (PEDOT:PSS and NiO,) to investigate the impact of the
transport layer on the light soaking behaviour. Since exchanging the hole transport layer
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completely alters the interface and defect properties, it is likely that the choice of hole
transport layer plays a large role in determining the cell’s stability towards light.

6.2.1 Different atmospheres

For this thesis, light soaking experiments were carried out in an inert nitrogen atmosphere
and in ambient air. The measurements performed in inert atmosphere were designed to
simulate the case of a perfect encapsulation where the cell is fully protected from oxygen
and humidity. During light soaking, the cell is only exposed to light, and to some extent
to internal heating (see section 6.2.3). To investigate the stability of perovskite solar cells
towards illumination in the presence of oxygen and humidity, light soaking experiments
were also performed in ambient air. According to literature, the combination of oxygen and
light should lead to rapid degradation of the devices (see section 1.3.2). To slow down this
degradation, some of the devices were encapsulated with epoxy glue (see section 3.5). In the
ideal case of a perfect encapsulation, the results for the encapsulated devices should equal
those for the inert atmosphere. Thus, conclusions on the effectiveness of the encapsulation
can be drawn.

6.2.2 Measurement routine

For the light/dark soaking experiments performed within this thesis, a 10-hour light soaking
period was followed by 8 hours dark soaking to investigate the cell’s relaxation behaviour.
The length of the light/dark soaking periods was chosen so that the measurements could be
performed overnight. The intervals between JV-scans were about 1 minute at the beginning
of the light/dark soaking process and subsequently increased to 15 min and 30 min for light
and dark soaking respectively so as to minimize the influence of the measurements on the
cell.

For the light/dark soaking measurements carried out in nitrogen atmosphere, the JV-
setup at the TU Graz was used (see section 2.2.1). JV-scans were performed in forward
direction at a scan rate of 200 ms/V. The reason for the fast scan rate was to keep the
measurement time small relative to the time intervals between the scans. Before and after the
light /dark soaking process, the devices were characterised by XRD and EQE measurements.

For the light soaking measurements carried out in ambient air (encapsulated and unen-
capsulated), the JV-setup at the AIT in Vienna was used (see section 2.2.1). JV-scans were
performed in forward direction at a scan rate of 250 ms/V. After each scan, the V,. and Jg.
were measured directly to achieve a higher accuracy. In the results, these directly obtained
values are used instead of the ones derived from the JV-scan. The unencapsulated devices
were characterised by XRD and SEM measurements before and after the light /dark soaking
process.

6.2.3 The effect of temperature

Usually, light soaking experiments are carried out in standard conditions (i.e. at 25 °C).
However, cooling of the cells was not possible for this thesis’ work. Since the solar cells
are illuminated from one side but contacted from the other side, i.e. the electrodes are
positioned on the substrate side facing away from the incident light, the devices could not
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simply be placed on top of a cooling plate. To monitor the temperature change during
light /dark soaking, a temperature sensor was attached to the cell’s glass substrate for a
measurement in ambient air. During the light soaking phase, the cell temperature rose up
to 55 °C and dropped back down to 25 °C during dark soaking. A similar temperature
curve can be expected for light/dark soaking in an inert atmosphere.

To investigate the influence of the elevated temperature on device stability, two reference
devices, one encapsulated and one unencapsulated, were subjected to tempering at 55 °C
in the dark for several hours. The reference devices had PEDOT:PSS (5 % DMSO) as
hole transport layer. Tempering was performed in an oven in ambient atmosphere. At
regular intervals, XRD- and JV-characterisation was performed to monitor the stability of
the devices.

No change could be found in their XRD pattern, indicating that the bulk crystal struc-
ture remained stable upon tempering. Figure 6.1a shows the JV-curves measured at different
instants throughout the tempering for the encapsulated device. No significant change is vis-
ible, confirming that the cell is unaffected by the temperature exposure. The unencapsulated
device (Fig. 6.1b) exhibit a slight reduction in J4. upon tempering, as well as a change in
V,e. The open-circuit voltage initially increases upon temperature exposure, followed by a
decrease that appears to be caused mainly by a change in curvature around the intercept
with the x-axis. Evidently, the device undergoes a change throughout the tempering ex-
periment. However, it is possible that these changes are a result of oxygen exposure rather
than increased device temperature, an assumption that is supported by the fact that the
encapsulated device remained unchanged.

In conclusion, based on the results described above, it can be safely assumed that the
elevated temperature present during the light soaking experiments does not result in device
degradation on its own. It cannot be ruled out, however, that the elevated temperature
accelerates degradation mechanisms driven by light, oxygen and/or humidity.
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Figure 6.1: Change in JV-curves upon dark storage at 55 °C in ambient air for an
encapsulated and an unencapsulated cell with PEDOT:PSS (5 % DMSO) as HTL.
Scan direction: reverse. Scan speed: 250 mV/s. Light source: solar simulator.

7



6.3 Light/Dark soaking for cells with PEDOT:PSS

The following section presents and discusses the results of light/dark soaking for cells with
PEDOT:PSS (both pure and with DMSO added) as hole transport layer in the different
atmospheres.

6.3.1 Inert atmosphere

Figure 6.2 shows the evolution of the most important solar cell parameters, namely PCE,
Voe, Jse and FF, during light/dark soaking, plotted both on a linear and a logarithmic time
scale. For the logarithmic time scale, the time axis was reset to zero at the beginning of the
dark soaking period to emphasize the initial response of the cell to the change of lighting
conditions. All values have been normalized to their initial ones to visualise their relative
change. A strong metastable behaviour that is superimposed by an irreversible part can be
seen. Upon light soaking, the efficiency goes up by a factor larger than 3 until it reaches
a saturation value. During dark soaking, it drops back down, ending up at 1.5 times its
initial value. The metastable behaviour of the efficiency appear to be driven mainly by the
metastability in V,.. The open-circuit voltage rises by a factor of 2 upon illumination, a
change that is almost fully reversible upon dark soaking. The irreversible part of the PCE-
curve is due to the irreversible behaviour of the FF. It also increases upon light soaking but
does not revert back to its original value during the dark soaking phase. The increase in FF
might correspond to a reduction in series resistance. The short-circuit current density Jg.
shows a metastable behaviour similar to that of the V., though much smaller in magnitude.

The change in V,. is also clearly recognisable in Figure 6.3. It shows the JV-scans at
different instants throughout the light/dark soaking effect. After dark storage, the V. is
about 0.45 V but it increases to almost 0.9 V upon illumination.
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Figure 6.2: 10 hours light soaking + 8 hours dark soaking for a cell with PE-
DOT:PSS as HTL in nitrogen atmosphere. (a) linear time scale, (b) logarithmic
time scale. Light source: Dedolight.

The results of light/dark soaking in inert atmosphere, clearly shows that exposure to
illumination does not lead to degradation in cells with PEDOT:PSS as a HTL within the
observed period of time. On the contrary, the measured device significantly improved,
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Figure 6.3: JV-scans of a cell with PEDOT:PSS as HTL at different instants
throughout the light/dark soaking process in nitrogen atmosphere. Line (2) cor-
responds to the maximum PCE that was reached.

especially in terms of its fill factor. A strong metastable behaviour is observable in the
Ve, which is in agreement with results reported in literature (see section 1.4.3 and Zhao et
al. [101]). However, the behaviour of the J,. differs from that observed by Zhao et al. In their
light soaking experiments, the Js. showed an initial increase followed by a decrease, while
no decrease is present in the results obtained for this thesis. The reason might be slight
differences in device architecture. Zhao et al. used identical hole and electron transport
layers but instead of a triple cation perovskite they used the simpler structure MAPbDI;3.

Structural changes (XRD)

No change could be observed in the XRD-pattern measured before and after light soaking,
indicating that changes occurring inside the device do not concern the large-volume bulk
crystal structure. They might, however, take place at the interfaces or in volumes too small
to show up in the XRD.

EQE measurements

EQE measurements were performed before and after the light/dark soaking experiment. To
gain some information on the reproducibility, EQE spectra of a reference cell were measured
in addition to the light-soaked cell. The reference cell was located on the same substrate as
the light-soaked cell, and thus exposed to the same light conditions, but its JV-curve was not
monitored during the experiment. Before each EQE measurement, the J4. of the cells were
measured directly using the JV-setup and subsequently compared to the values calculated
from the respective EQE spectra. In an ideal case, the two values are equal. However,
since the light intensity greatly differs in the two experimental setups - 100 mW /cm? for the
JV-scan and a much lower value for the EQE measurements - and only part of the active
cell area is illuminated during EQE measurements, recombination mechanisms as well as
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microshunts might play a more dominant role in the EQE setup resulting in a lower current
output.

The measured EQE spectra are displayed in Figure 6.4. After light soaking an overall
shift of the EQE is visible but the shape of the spectra remains unchanged which indicates
that no major structural changes in the absorber material take place. The shift of the EQE
spectra might be due to a change in charge extraction efficiency but it might also be caused
by slight differences in the positioning of the monochromatic light source. The fact that
the directly measured J. remains stable for the light-soaked cell (see table 6.1) might be
an indication that the change in the J,. derived from the EQE stems from imperfect light
source positioning rather than from internal changes in the cell.
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Figure 6.4: EQE spectra measured before and after light soaking (LS) in nitrogen
atmosphere for a cell with PEDOT:PSS as HTL. The reference cell (ref) was kept
at open circuit at all times.

Table 6.1: Comparison between directly measured J,. and the J,. derived from the
EQE spectrum for light/dark soaked cell with PEDOT:PSS as HTL. (ref) repres-
ents the reference cell that was kept at open circuit at all times during light/dark

soaking.
Jse direct / Jse EQE / Jse direct @ Jge
mA /cm? mA /cm? EQE
before light soaking 18.7 13.5 1.38
after light soaking 18.7 11.9 1.58
before light soaking (ref) 16.7 11.8 1.42
after light soaking (ref) 18.7 13.6 1.38
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Conclusion

To sum up, a strong metastable behaviour upon light soaking in inert atmosphere could be
demonstrated for perovskite solar cells with PEDOT:PSS as HTL. Invoked changes were to
a large extent reversible. The irreversible part resulted in an overall improvement of the cell
over the course of the experiment. No significant alterations in the XRD-measurements or
the EQE-spectra could be observed, indicating that the improvement in cell efficiency did
not involve permanent changes in the bulk perovskite structure. Instead, it might have been
caused by a light-induced post-ordering in one of the thin transport layers, an alteration
of the interfaces or a change in defect densities. The reversible, metastable behaviour is
most likely electrically driven. A change in V,. usually corresponds to a change in the
built-in electric field. And such a change in electric field could be caused by a change of
charge accumulations at the interfaces, the neutralisation of defect or trap states by photo-
generated charge carriers or ion migration.

6.3.2 Encapsulated device

Light/dark soaking for an encapsulated device was performed for two different variants of
PEDOT:PSS hole transport layers: a pure PEDOT:PSS layer and a PEDOT:PSS layer
doped with 5 % DMSO. The results of the light /dark soaking experiments can be found in
Figure 6.5-6.6. Unlike the results in inert atmosphere, the evolution of the fill factor is not
displayed for the light soaking measurements carried out in ambient air because the derived
values strongly fluctuate and cannot be used to draw any conclusions on the state of the
solar cell. For the measurements in ambient air, J,. and V,. were measured
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Figure 6.5: 10 hours light soaking + 8 hours dark soaking for an encapsulated cell
with PEDOT:PSS (5 % DMSO) as HTL in ambient air. Light source: solar
simulator.

Similar to the measurements in inert atmosphere, both cells show a strong metastable
behaviour in their V,.. Again, the light-induced change is to a large extent reversible
with a small irreversible part that results in an overall improvement of the V,. upon the
light /dark soaking experiment. However, this time, the metastability is superimposed by
a degradation in the short-circuit current density Js., causing an overall drop in efficiency
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Figure 6.6: 10 hours light soaking + 8 hours dark soaking for an encapsulated cell
with PEDOT:PSS as HTL in ambient air. Light source: solar simulator.
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Figure 6.7: JV-scans of two encapsulated cells (one with PEDOT:PSS (5 % DMSO)

and one with pure PEDOT:PSS as HTL) at different instants throughout the

light /dark soaking process in ambient air. Line (2) corresponds to the maximum
PCE that was reached.

by almost 50 %. It can be noted that the general behaviour is the same for both cells, and
therefore independent of the addition of DMSO. The temporary drops in the PCE-curve in
Figure 6.6 were most likely caused by a bad electrical contact.

When compared to the results for inert atmosphere, the light-induced increase in V. is
stronger in magnitude (factor 2.5 instead of 2). This is because the encapsulated devices
started at a lower initial voltage, an effect caused by the encapsulant (see section 3.5).

The fact that irreversible degradation occurs in the short-circuit current density Jg.
demonstrates that the encapsulation does not sufficiently protect the cell. Degradation only
takes place while the cell is exposed to light. However, since no degradation was observable
in inert atmosphere, it cannot be the influence of light alone that deteriorates the device.
There are two possible culprits: either the encapsulant reacts with the cell under illumination
or, more likely, the encapsulation allows for sufficient oxygen ingress so that the combination
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of light and oxygen is responsible for the degradation (according to the mechanism described
in section 1.3.2).

Figure 6.7 shows JV-scans that were extracted from the light /dark soaking measurements
at representative instants, i.e. before light soaking, at the maximum PCE, after light soaking
and after dark soaking. The metastable behaviour of V,. as well as the degradation in Jg,.
are clearly visible.

6.3.3 Ambient air

Analogous to the measurements for encapsulated devices, light/dark soaking in ambient air
was performed for the same two variants of a PEDOT:PSS hole transport layer: a pure
PEDOT:PSS layer and a PEDOT:PSS layer doped with 5 % DMSO.
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Figure 6.8: 10 hours light soaking + 8 hours dark soaking for an unencapsulated
cell with PEDOT:PSS (5 % DMSO) as HTL in ambient air. Light source:

solar simulator.
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Figure 6.9: 10 hours light soaking 4+ 8 hours dark soaking for an unencapsulated
cell with PEDOT:PSS as HTL in ambient air. Light source: solar simulator.
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Figure 6.10: JV-scan of two unencapsulated cells (one with PEDOT:PSS (5 %
DMSO) and the other with pure PEDOT:PSS as HTL) at three different instants
of the light/dark soaking process in ambient air.

The results of the light/dark soaking experiments can be found in Figure 6.8-6.9. They
show quite clearly that the combined exposure to light and oxygen (and to some degree to
the humidity present in ambient air) is too much for the perovskite solar cells. The device
with pure PEDOT:PSS fully degraded within 7 hours, while the DMSO-doped device lost
over 90 % of its initial efficiency. Rudimentarily, the metastable behaviour of the V,. can
be observed but it is almost fully quenched by the rapid degradation. For the cell with pure
PEDOT:PSS, the fill factor cannot be defined in a meaningful way anymore after the Jg.
has dropped to zero.

Degradation of the silver electrode

A visual inspection of the devices after the light soaking experiment revealed a severe de-
gradation of the silver electrodes for some of the cells on the substrates (see Fig. 6.11).

(a) top view (b) bottom view

Figure 6.11: Photos of a sample with PEDOT:PSS as HTL after light/dark soaking

in ambient air. The whole cell was under illumination, but only the marked cell

was repeatedly measured. Top (bottom) view: Ag electrode (glass substrate) facing
upwards.

For the cell whose light /dark soaking behaviour was tracked (indicated by a pink circle in
Fig. 6.11), the electrode appears to have etched through the whole device, making it visible
from the back side. However, etching did also occur to different extents for the other cells on
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the substrate that were kept at open circuit throughout the light /dark soaking experiment.
This indicates that the current flow and/or change in electric fields present throughout the
JV-scans cannot be the main driver for this degradation process.

Etching of the metal electrode has already been observed by You et al. [90] (see sec-
tion 1.3.5) upon storing their devices in ambient air. They ascribed the etching to a chem-
ical reaction of the perovskite with the metal electrode but found that an intermediate ZnO
nanoparticle layer was able to block the reaction.

However, it seems that the additional exposure to light during the light/dark soaking
process in this thesis has significantly enhanced the etching process. None of the other
experiments (especially dark storage in dry air, light soaking in an inert atmosphere), per-
formed for this thesis, lead to electrode etching, suggesting that the combination of ambient
air and light is necessary to overcome the reaction barrier formed by ZnO. The blocking
properties of ZnO should also depend on the thickness of the layer. In areas where the ZnO
is thinner or insufficiently covers the perovskite, its blocking properties will be especially
low. This might explain why etching for the different cells on the substrate took place at
different speeds and to different extents.

Moreover, etching was only observed to occur in the active area of the cell. The contact
pads at the edges appear to be unaffected. This indicates that electric fields and/or current
flow might represent a driving factor in the process.

Structural changes (XRD)

The XRD characterisation revealed several additional peaks that appeared upon light/dark
soaking in ambient air. Unfortunately, the peaks could not be assigned to a specific crystal
structure. Apparently, the emerging peaks do not belong to any of the common compounds
such as Pbly, MAI, FAI etc. whose XRD pattern can be found in literature.
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Figure 6.12: Change in the bulk crystal structure for a device with PEDOT:PSS
as HTL upon light soaking. Instrument: ThermoScientific.
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Table 6.2: Positions of XRD peaks appearing upon light/dark soaking of a cell
with PEDOT:PSS as HTL in ambient air.

20 / °
22.5
23.8
26.8
32.7
39.3
46.3

6.4 Light/Dark soaking for cells with NiO,

Light/dark soaking experiments were performed on cells with NiO,, as hole transport layer
in the exact same manner as on cells with PEDOT:PSS.

6.4.1 Inert atmosphere

The results for the light/dark soaking measurement in inert atmosphere can be found in
Figure 6.13, both on a linear and a logarithmic time scale. Compared to cells with PE-
DOT:PSS, the response of the cell to illumination is much smaller and different in nature.
For cells with PEDOT:PSS, the V,. exhibited a huge metastable behaviour upon light ex-
posure, whereas the open-circuit voltage is very stable for cells incorporating NiO,, as hole
transport layer and shows only a small response to illumination. The fill factor exhibits an
irreversible increase upon light soaking, leading to an overall improvement of the cell effi-
ciency by a factor larger than 1.5 throughout the whole cycle. A similar increase in fill factor
was also observable for PEDOT:PSS but it was less pronounced. Differences between cells
with PEDOT:PSS and NiO,, can also be seen in the short-circuit current density Js.. While
the J,. followed the movement of the V. in cells with PEDOT:PSS, it shows a reverse light
soaking effect for NiO,. After an initial increase, the J,. deteriorates upon light soaking,
followed by a full recovery during the dark period.

Figure 6.14 shows JV-scans at different instants throughout the light /dark soaking effect.
The increase in fill factor FF from line (1) to (4) can be clearly seen.
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Figure 6.13: 10 hours light soaking + 8 hours dark soaking for a cell with NiO,, as
HTL in nitrogen atmosphere. Light source: Dedolight.
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Figure 6.14: JV-scans of a cell with NiO, as HTL at different instants throughout
the light/dark soaking process in nitrogen atmosphere. Line (2) corresponds to the
maximum PCE that was reached.

Structural changes (XRD)

Similar to cells with PEDOT:PSS, no change could be observed in the XRD pattern meas-
ured before and after light soaking. Here, too, irreversible changes that occurred throughout
the light/dark soaking cycle do not concern the large-volume bulk crystal structure.

EQE measurements

EQE measurements were performed before and after the light/dark soaking experiment.
Analogous to the measurements for cells with PEDOT:PSS, EQE spectra were acquired for
the light-soaked cell and for a reference cell located on the same substrate. The results are
displayed in Figure 6.15. The observed behaviour is similar to that of PEDOT:PSS, i.e. the
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Table 6.3: Comparison between directly measured Jg. and the J,. derived from the
EQE spectrum for a light/dark soaked cell with NiO, as HTL.

Jse direct / Jse EQE / Jse direct @ Jg.
mA /cm? mA /em? EQE
before light soaking 18.0 17.2 1.05
after light soaking 18.4 15.9 1.16
before light soaking (ref) 16.6 17.1 0.97
after light soaking (ref) 14.9 16.0 0.93

shape of the spectra remains almost unchanged apart from a small overall shift in EQE.
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Figure 6.15: EQE spectra measured before and after light soaking in nitrogen
atmosphere for a cell with NiO, as HTL. The reference cell (ref) was kept at V.
at all times.

Conclusion

It could be demonstrated that upon light exposure, cells with NiQ,, behave quite differently
from cells with PEDOT:PSS. The V,. is much more stable and the J,. shows a deterioration

upon illumination of the cell that is fully reversible upon storage in the dark.

6.4.2 Encapsulated device

For the encapsulated device, the light soaking behaviour of cells with NiO,, (see Fig. 6.16) is
quite similar to that observed in inert atmosphere. The only difference is that the degrad-
ation in Jg. is more severe and irreversible, indicating that permanent degradation occurs
within the cell. Figure 6.17 shows JV-curves at different instants throughout the light/dark
soaking cycle. Similar to the measurements in inert atmosphere, an increase in fill factor

FF can be observed from line (1) to (4).
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Figure 6.16: 10 hours light soaking + 8 hours dark soaking for an encapsulated
cell with NiO, as HTL in ambient air. Light source: solar simulator.
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Figure 6.17: JV-scan of an encapsulated cell with NiO,, as HTL at different instants
of the light/dark soaking process in ambient air. Line (2) corresponds to the
maximum PCE that was reached.

6.4.3 Ambient air

Light soaking measurements in ambient air do not reveal that the cell with NiO, are more
stable (see Fig. 6.18). Combined exposure to light and ambient air results in complete
degradation within 6 hours, a timescale similar to that observed for cells with PEDOT:PSS.
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Figure 6.18: 10 hours light soaking + 8 hours dark soaking for an unencapsulated
cell with NiO,, as HTL in ambient air. Light source: solar simulator.
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Figure 6.19: JV-scan of a cell with NiO, as HTL at different instants of the
light /dark soaking process in ambient air. Line (2) corresponds to the maximum
PCE that was reached.

Degradation of the silver electrode

Taking a look at the visual appearance of the cell after the light /dark soaking cycle (Fig. 6.20)
resolves any doubt as to why the cell is not working anymore. Similar to what has been
observed for devices with PEDOT:PSS as hole transport layer, the cells with NiO,, display
severe degradation of the silver electrode. The electrode of the light-soaked cell (marked with
a pink circle) has darkened completely, as have some of the other cells on the substrate that
were kept at open circuit during the light soaking process. The bottom view (Fig. 6.20b)
shows that the silver electrodes have again partly etched through the whole device.

SEM images of the light-soaked cell reveal a curious effect. The edge of the underlying
ITO electrode is clearly visible at the position of the silver electrode, and degradation of the
silver electrode appears to be confined mainly to the active cell area.
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(a) top view (b) bottom view

Figure 6.20: Photos of sample with NiO, as HTL after light/dark soaking in am-

bient air. The whole cell was under illumination, but only the marked cell was

continuously measured. Top (bottom) view: Ag electrode (glass substrate) facing
upwards.

A reason why this effect only occurred for cells with NiO, but not for cells with PE-
DOT:PSS could be that the NiO,-layer is much thinner than the PEDOT:PSS layer (20 nm
compared to roughly 50 nm, see section 3.6.2), and thus less efficient in smoothing out the
sharp edges of the ITO electrode that has a thickness of 120 nm.

Figure 6.21: SEM images of an unencapsulated cell with NiO, as HTL after
light /dark soaking in ambient air. The edge of the ITO electrode is clearly visible.

Structural changes (XRD)

Evaluation of XRD measurements revealed the same additional peaks emerging upon the
light /dark soaking process in ambient air as for the cell with PEDOT:PSS (see section 6.3.3).
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Figure 6.22: Change in the bulk crystal structure for an unencapsulated device with
NiO, as HTL upon light soaking in ambient air. Instrument: ThermoScientific.

Table 6.4: Positions of XRD peaks appearing upon light/dark soaking of a cell
with NiO, as HTL in ambient air.

20 / °
22.3
23.7
26.7
32.6
39.1
46.1

6.5 Impact of hole transport layer on light soaking be-
haviour

Figure 6.23 shows the change in solar cell parameters upon light /dark soaking in inert atmo-
sphere for both types of hole transport layer, PEDOT:PSS and NiO,, in direct comparison.
The results quite clearly show that the choice of hole transport layer plays an important
role in determining the light soaking behaviour of the solar cells. Light-induced changes are
much more pronounced in cells with PEDOT:PSS who exhibit a large metastable response
especially in the open-circuit voltage V,.. Cells with NiO,, on the other hand, showed only
very small changes in V..

Even though no conclusion can be drawn regarding the microscopic mechanisms under-
lying the light soaking behaviour of the V., it is clear from these results that the origin
is in the hole transport layer, either in the layer itself or in the interfaces that are formed
with the adjacent layers. Mechanisms that cause the steep increase of V. in cells with PE-
DOT:PSS are either not present in cells with NiO, or counteracted by other effects. Based
on experiences with similar effects in chalcogenide photovoltaics, it can be expected that
defects play a large role in determining the light soaking behaviour. However, considering
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Figure 6.23: Comparison of light/dark soaking behaviour in inert atmosphere for
cells with different HTLs. All cell parameters were normalised to their initial values.
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Figure 6.24: Comparison of solar cell parameters at specific instances throughout

the light/dark soaking process for cells with different HTLs in different atmo-

spheres. All cell parameters were normalised to their initial values. Light soaking

for 10 h, followed by 8 h dark soaking. Max corresponds to the maximum values
that was adopted throughout the light soaking phase.

that PEDOT:PSS is a polymer dispersion composed of two ionomers (PEDOT™ and PSS™),
polarisation effects might also play a part.

The behaviour of the short-circuit current density Jg. also depends on the hole transport
layer. While cells with PEDOT:PSS show a reversible light-induced increase that reaches
saturation after roughly 1 hour, cells with NiO, exhibit an initial rise but then drop upon
continued illumination. However, in an inert atmosphere, this loss in current was shown
to be reversible when the cell was stored in the dark again. Apparently, NiO, introduces
an additional mechanism that results in a reversible reduction of Jg. upon illumination
and superposes the initial increase in current. Such an effect is not present in cells with
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PEDOT:PSS.

Regarding the fill factor FF, the response to light and dark soaking is similar for both
HTLs, though the effect is larger for cells with NiO,. Upon light soaking, the fill factor
increases until a saturation value is reached. In inert atmosphere, the change is irrevers-
ible upon dark soaking, resulting in an improved device performance after the completed
light /dark soaking cycle.

When comparing the results for different atmospheres, it can be found that the encap-
sulated cells show the same tendency as the cells measured in inert atmosphere but the
evolution is superposed by irreversible degradation. This agreement provides a first indica-
tion for the reproducibility of the results.

6.6 Operational Stability: MPP-tracking

During light soaking, the cells stability towards illumination at open circuit conditions was
investigated. In MPP-tracking, the solar cell is operated at its maximum power point
(MPP), so in addition to the light exposure, a current is constantly flowing through the
device. This allows the investigation of the cell’s operational stability. Analogous to the
light soaking experiments, MPP-tracking was carried out for a cell with PEDOT:PSS and
a cell with NiO, to compare the long-term stability of the two. Because light soaking had
already revealed that in ambient air cells undergo distinct degradation, whether they were
encapsulated or not, within less than 20 hours, MPP-tracking was only performed in inert
conditions.

6.6.1 Measurement routine

The MPP-measurements were performed with the JV setup at Graz (see section 2.2.1) and
controlled by an additional Labview-based program. The starting V ;pp was determined by
an initial JV-scan and readjusted at regular time intervals (looptime) by scanning a voltage
range of 0.05 V around the current MPP. At the beginning of the measurements, the looptime
was set to 5 s and subsequently increased to 20 s once the cell had sufficiently stabilised
(after about an hour). Before and after MPP-tracking, the devices were characterised by
JV-scans, XRD and EQE measurements.

6.7 MPP-tracking for a cell with PEDOT:PSS

Figure 6.25-6.26 show the results of MPP-tracking for a cell with PEDOT:PSS both on a
linear and a logarithmic time scale. Within the first 10 hours, the cell’s efficiency improves
considerably (by a factor of & 1.5). After that, degradation dominates and the PCE rapidly
deteriorates, dropping below 50 % of the initial value before 90 hours have passed.

Figure 6.27a shows the JV-curves of the MPP-tracked cell measured before and after
87 hours of MPP-tracking. Before the MPP-tracking the cell was kept mainly in the dark
but some light exposure did take place due to EQE and JV-characterisation. The JV-curve
taken immediately after MPP-tracking shows that the main reason for the performance loss
is not a decrease in V,. or Js. but a kink that appears in the curve, greatly reducing FF,
Vinpps Jmpp and thus PCE.
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Figure 6.27b shows similar JV-curves for a reference cell that was located on the same
substrate but kept at open circuit throughout the MPP-tracking procedure, i.e. it was
basically light-soaked for 87 hours but without the regular JV-scans. The reference cell
shows a similar kink after the illumination period, though it is less pronounced.

Both cells exhibit the characteristic metastable change of V. with respect to illumination
(see Fig. 6.27) that has already been observed during the light soaking experiments. It
would be interesting to investigate whether the light-induced shape change of the JV-curve
is permanent or whether it can be reversed by storing the cell in the dark for a long enough
time.
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Figure 6.25: MPP-tracking of a cell with PEDOT:PSS as HTL in nitrogen atmo-
sphere for 87 hours. Light source: Dedolight.
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Figure 6.26: MPP-tracking of a cell with PEDOT:PSS as HTL in nitrogen atmo-
sphere for 87 hours. Time is displayed in a logarithmic scale to emphasise the
rapid, initial changes. Light source: Dedolight.
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Figure 6.27: JV-curves of cells with PEDOT:PSS as HTL measured before and

after MPP-tracking for 87 hours. Reference cell was only illuminated while being

kept at V,e. Scan direction: reverse (solid line), forward (dotted line). Scan rate:
100 mV/s. Light source: Dedolight.

6.7.1 EQE measurements

EQE measurements performed before and after MPP-tracking show a similar change for both
the MPP-tracked and the light-soaked cell. After illumination for 87 hours, the efficiency is
enhanced in the long-wavelength region and reduced towards the blue part of the spectrum.

Table 6.5 lists the Jg.-values - directly measured and calculated from the EQE spectrum -

—#— before MPP
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. . . . . 5
400 450 500 550 600 650 700 750 800
wavelength / nm

Figure 6.28: Effect of MPP-tracking (87 hours) in nitrogen atmosphere on EQE
of a cell with PEDOT:PSS as HTL. The reference cell (ref) was illuminated while
being kept at V..

before and after the MPP-tracking experiment.
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Table 6.5: Comparison between directly measured Jg. and the J,. derived from the
EQE spectrum for a MPP-tracked cell with PEDOT:PSS as HTL.

Jse direct / mA/em? | Jo. EQE / mA/em? | Jg direct : J,. EQE
before MPP-tracking 204 11.7 1.74
after MPP-tracking 18.5 11.5 1.60
before illumination (ref) 20.0 10.2 1.96
after illumination (ref) 19.5 11.6 1.68

6.7.2 Structural changes (XRD)

XRD measurements performed before and after MPP-tracking did not reveal any structural
changes in the cell.

6.7.3 Comparison to light soaking results

Comparing the light soaking results to the first 10 hours of MPP-tracking (Fig. 6.29) shows
that similar changes occur in both cases but to a very different extent. The increase in
voltage is much larger for light soaking than for MPP-tracking. This dependence on load
has already been observed for chalcogenide solar cells [102], as well as for perovskite cells [99].

3571

Light soaked cell / MPP-tracked cell
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Figure 6.29: Comparison between MPP-tracking and light soaking in an inert at-
mosphere for cells with PEDOT:PSS as HTL. The cells’ efficiencies were normalised
to their respective initial values.
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6.8 MPP-tracking for a cell with NiO,

The MPP-tracking procedure for cells with NiO, was identical to that of cells with PE-
DOT:PSS. Figure 6.30-6.31 show the results, plotted on a linear and a logarithmic time
scale. From the linear plot, it can be clearly seen that the efficiency undergoes a fast ini-
tial decrease within the first 10 hours that is then followed by a more stabilised region. In
contrast to the cell with PEDOT:PSS (see section 6.7), no initial increase in V,,,, can be
observed, which was to be expected based on the results of the light soaking experiments
where cells with NiO, exhibited a very stable voltage. During MPP-tracking, the current
Jmpp sees a steady increase throughout the first 10 hours but start to drop afterwards.
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Figure 6.30: MPP-tracking of a cell with NiO, as HTL in nitrogen atmosphere for
67 hours. Light source: Dedolight.

Figure 6.32 displays JV-curves measured directly before and after the MPP-tracking
process, as well as after a recovery period of 1 hour in the dark, for the MPP-tracked cell
(6.32a) and a reference cell (6.32b) that was located on the same substrate and kept at open
circuit throughout the stability measurement. For the MPP-tracked cell, a change in the
shape of the JV-curve that reduces the V,. can be noticed after MPP-tracking, similar to
the shift observed in the cell with PEDOT:PSS. Such a shift is, however, not present in the
light-soaked reference cell. The forward scans measured immediately after the illumination
period are not smooth. The scans were started at a slight reverse bias of -20 mV. Apparently,
the light-soaked cells respond strongly to reverse biasing. Moreover, it is interesting that
the cells do not show a relaxation behaviour during the dark recovery period but seem to
deteriorate further. One possible explanation might be that the initial light-induced increase
in current that was observed upon MPP-tracking is reversible and lost again once the cells
are stored in the dark. A similar behaviour has been observed by Saliba et al. [99] who
referred to the effect as "reversible bonus” (see section 1.4.3).
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Figure 6.31: MPP-tracking of a cell with NiO, as HTL in nitrogen atmosphere for
67 hours. Time is displayed in a logarithmic scale to emphasise the rapid, initial
changes. Light source: Dedolight.
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Figure 6.32: JV-curves of cells with NiO, as HTL measured before and after MPP-

tracking for 67 hours, as well as after 1 hour recovery in the dark. Reference cell was

illuminated while being kept at V,.. Scan direction: reverse (solid line), forward
(dotted line). Scan rate: 100 mV /s. Light source: Dedolight.
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6.8.1 EQE-measurements

The EQE measurements performed before and after MPP-tracking (Fig. 6.33) show an
overall decrease of the quantum efficiency that is in agreement with the drop in the dir-
ectly measured Jg. (see table 6.6). However, in contrast to the cells with PEDOT:PSS, no
significant change in the shape of the spectra is noticeable.
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Figure 6.33: Effect of MPP-tracking (67 hours) in nitrogen atmosphere on EQE of
a cell with NiO,, as HTL. The reference cell (ref) was illuminated while being kept

at Voe.

Table 6.6: Comparison between directly measured Jg. and the J,. derived from the

EQE spectrum for a MPP-tracked cell with NiO,, as HTL.

Jse direct / mA /em?

Jse EQE / mA/cm?

Jse direct : Jg. EQE

before MPP-tracking
after MPP-tracking
before MPP-tracking (ref)
after MPP-tracking (ref)

19.3
17.1
20.7
15.5

17.1
14.2
17.5
12.3

1.13
1.21
1.18
1.26

6.8.2 Structural changes (XRD)

Similar to the other stability experiments performed in inert atmosphere, no changes were
observable in the XRD pattern that were measured before and after MPP-tracking. This
indicates that, in this case, too, the bulk crystal structure remains unchanged.

6.8.3 Comparison to light soaking results

Comparing the light soaking results to the first 10 hours of MPP-tracking (Fig. 6.34) for
cells with NiO, shows that the behaviour is quite different depending on whether the cell is
kept at open circuit or at its maximum power point.
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Figure 6.34: Comparison of MPP-tracking and light soaking in inert atmosphere for
cells with NiO,, as HTL. The cells’ efficiencies were normalised to their respective
initial values.

6.9 Impact of hole transport layer on operational sta-
bility

The results in section 6.6 show quite clearly that the operational stability of perovskite
solar cells strongly depends on the hole transport layer. Within the examined time periods,
PEDOT:PSS appeared to introduce a strong initial increase in efficiency, probably due to its
strong light soaking behaviour, that is then followed by a rather rapid degradation. NiO,,
on the other hand, shows a fast initial decrease but stabilises afterwards. These results seem
to indicate that, in the long run, cells with NiO, can be expected to be more stable and
retain a larger part of their initial efficiency. To illustrate the differences in the stability
behaviour of cells with PEDOT:PSS and NiO,, Figure 6.35 provides a direct comparison of
the evolution of the normalised solar cell parameters.

In order to quantify the operational stability of the MPP-tracked cells, different figures-
of-merit were calculated according to the procedures discussed in section 1.4.2 and can be
found in Table 6.7. Tgy represents the time after which the efficiency has dropped below
80 % of its initial value. For T,gg, instead of the initial efficiency, the maximum efficiency
reached after the initial improvement of the cell is used as a reference. For Tggg, the
degradation curve after the initial burn-in time was extrapolated back (see Fig. 6.36) and
the thus-obtained value at time t = 0 used as a reference.

The resulting values quite clearly show that for perovskite solar cells the quantification
of their stability is all but straightforward. Depending on the calculation method, the
results can lead to quite different conclusions. It is therefore crucial to specify how such
figures-of-merit were obtained and how the actual stability curves looked like.

Furthermore, one must not forget that the figures presented in this thesis are based on a
singular measurement (only 1 cell per hole transport layer was subjected to long-term MPP-
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tracking). In order to set the results on solid ground and confirm the stability behaviours
observed within this thesis’ work, measurements have to be performed on several equivalent

cells.
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Figure 6.35: Comparison of MPP-tracking behavio

ur in inert atmosphere for cells

with different HTLs. Values are normalised to their respective initial values.
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Figure 6.36: Comparison of MPP-tracking behaviour in inert atmosphere for cells
with different HTLs. Values are normalised to their respective initial values. Ex-
trapolated curves are displayed in black.
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Table 6.7: Stability of MPP-tracked cells with different HTLs. Tg0: time after

which the cell efficiency dropped to 80 % of its initial value. T,go: stabilised Tgg-

value with respect to the maximum PCE. T,gq: stabilised Tgg-value with respect
to back-extrapolated PCE (see sec. 1.4.2).

HTL T80 / h Ts80 / h TsQO / h PCE’iTLitial / % PCEmax / %
PEDOT:PSS 32.9 11.9 22.1 4.6 6.9
NiO, 19.9 9.9 54.6 12.0 12.4

6.10 Impact of hole transport layer on charge recom-
bination

Table 6.8 shows that the ratio between the directly measured J,. and the J,. that was calcu-
lated from EQE depends on the choice of hole transport layer. For cells with PEDOT:PSS,
the ratio is 1.6 on average, while it is only 1.1 for cells with NiO,,.

As already discussed in section 6.3.1, the discrepancy between the two Jg. values can
stem from the difference in light intensity and the fact that during EQE measurements, only
part of the cell area is illuminated. As a result, recombination mechanisms and microshunts
have a larger impact on EQE measurements as compared to the JV-setup. The different
ratios for PEDOT:PSS and NiO, might indicate that recombination is less dominant in
cells with NiO,. Possible reasons might be a higher interface quality between NiO, and the
perovskite that exhibits a lower defect density.

Table 6.8: Average ratio between directly measured J,. and the J,. derived from
EQE-measurements for different HTLs.

HTL Jse direct @ Js. EQE
PEDOT:PSS 1.6 = 0.2
NiO, 1.1 £ 0.1

6.11 Conclusion

To sum up, it was demonstrated that the stability of perovskite solar cells towards illumina-
tion is decisively influenced by the choice of hole transport layer. For cells with the organic
PEDOT:PSS, a strong metastable light soaking behaviour could be observed that showed
primarily in an increase in V,.. Over one light/dark soaking cycle, the change in V,. was
almost fully reversible except for a small irreversible part. Cells with NiO,, on the other
hand, exhibited a much smaller response to illumination that mainly showed in the J4. and
the FF. In contrast to cells with PEDOT:PSS, the V. remained very stable. For both hole
transport layers, the light-induced change in solar cell parameter was observed to be to a
large extent reversible, except for the FF that permanently increased upon illumination.
To investigate whether the irreversible parts of the light-induced changes correspond to a
”"burn-in” of the cell, that is an initial change that then stabilises, it would be necessary to
perform several successive cycles of light/dark soaking.

103



Based on the observations described above, it can be concluded that the reversible light
soaking behaviour has its origin mainly in the hole transport layer, or in the interface formed
between the hole transport layer and the perovskite. However, the experiments performed
for this thesis do not allow any conclusions on the mechanisms that underlie the light soaking
behaviour, though experiences with similar effects in chalcogenide photovoltaics suggest that
it is defect-driven. In order to verify this assumption, more detailed experiments would be
necessary.

When light /dark soaking was performed for unencapsulated cells in ambient air, devices
both with pure PEDOT:PSS and NiO, degraded completely within several hours. The
device with DMSO-doped PEDOT:PSS retained a very small percentage of its efficiency over
one light /dark soaking effect but to determine whether there is really a significant difference
in stability between the different cell architectures the experiment has to be repeated for
several equivalent devices. The cells degraded by light /dark soaking in ambient air showed
structural changes that could not be observed for light/dark soaking in inert atmosphere.
Regardless of the type of hole transport layer, the same additional peaks emerged in the
XRD. Unfortunately, the peaks could not be assigned to a known crystal structure but a
list of the peaks can be found in Table 6.2 and 6.4.

During MPP-tracking (and long term illumination) in inert atmosphere, degradation
was observable for cells with both PEDOT:PSS and NiO,. Again, the behaviour was quite
different, and in the long run, NiO, appeared to be more stable. Despite the degradation
in cell efficiency, no structural changes were noticeable in the XRD. The EQE spectra
showed changes only for cells with PEDOT:PSS. The relaxation behaviour and reversibility
of the light-induced degradation was insufficiently investigated. This would be an interesting
objective for future experiments.
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Chapter 7

Conclusion and Outlook

In the following, the key conclusions that can be drawn based on the results discussed in
chapter 3-6 are summarised and suggestions for future experiments are provided.

An important remark has to be made right at the beginning. For all results presented in
this thesis, the restricted time did not allow for a proper statistical verification of the data.
In order to verify the results and set them onto solid ground, all the measurements have to
be repeated for a large enough number of equivalent cells. This is especially important as
the fabrication process of perovskite solar cells used within this thesis is poorly controllable
(due to spin coating, anti-solvent dripping, crystallisation etc.) and the cells were found to
be sensitive to almost all process parameters. Even though the controllable parameters were
kept unchanged, resulting cell efficiencies exhibited a large variance (see section 3.6.1).

To sum up the main achievements of this thesis, the successful synthesis of perovskite
solar cells with inorganic Cs-doped NiO, as an alternative to organic hole transport layers
could be demonstrated. The operational stability and the metastable response to light
soaking was investigated and compared for both cell architectures. The results showed that
NiQ, is the better choice, both in terms of long-term stability and metastable behaviours.
Cells with NiO,, responded far less strongly to illumination and showed a much more stable
Voe-

7.1 Synthesis

Regarding the synthesis process in more detail, this thesis could, for one thing, confirm that
the addition of a small amount of DMSO (5-10 %) to PEDOT:PSS significantly enhances
the current output of the resulting solar cells. This is in agreement with previous results
[111,112]. However, issues were faced during the deposition process. For some substrates,
inhomogeneities and holes appeared in the film upon spin-coating, a problem that has never
occurred for pure PEDOT:PSS.

As an alternative to organic PEDOT:PSS, cells with an inorganic Cs-doped NiO, hole
transport layer could be successfully synthesised based on a sol-gel process. Compared to
cells with PEDOT:PSS, they achieved higher PCE values which is mainly due to their higher
Voo of roughly 1 V (cells with PEDOT:PSS exhibited a V,. & 0.85 V).

It was further shown that the introduction of ZnO as a second electron transport layer is
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beneficial to the device performance.

For time reasons, no optimisation of layer thicknesses could be performed. This would
certainly be an important step on the way to achieving device efficiencies that are closer to
the current record of 25.2 %.

EBIC images taken of cells with both PEDOT:PSS and NiQO, revealed a spatially in-
homogeneous current output that greatly limits the total efficiency of the cells. The shapes
of the inhomogeneities indicate that they might be a results of solution processing, i.e. spin-
coating and anti-solvent dripping but further experiments are necessary to better understand
the cause and formation of these inhomogeneities.

7.2 Stability of perovskite solar cells

In this thesis, the high sensitivity of perovskite solar cells to external factors such as mois-
ture, oxygen and light could be demonstrated. Unencapsulated cells with PEDOT:PSS as
hole transport layer were observed to fully degrade within minutes in damp heat conditions
(85 °C, 85 % RH), within hours upon light soaking in ambient air and within days when
stored in the dark in dry air. In terms of stability, no significant difference could be observed
between pure and DMSO-doped PEDOT:PSS. Cells with NiO,, were only subjected to light
soaking in ambient air which resulted in degradation times similar to those of cells with
PEDOT:PSS.

In ambient air, degradation of the silver electrode posed a serious problem. Upon light
soaking, etching of the electrodes through the whole solar cell was observed, especially for
the cell that was repeatedly measured. Storage in dry air resulted in a darkening of the
electrode of the cell whose performance was tracked by regular JV-scans. Apparently, the
degradation of the silver electrode is accelerated by electric fields/current flow through the
device. Replacement of silver by a more stable electrode material might improve the overall
stability of the cells.

Regarding the operational stability that was examined by MPP-tracking in inert atmo-

sphere, cells with PEDOT:PSS and NiO, as hole transport layer both showed significant
degradation over the course of about 70 hours though different in shape and magnitude.
For the cell with PEDOT:PSS, a strong initial increase in efficiency (due to light soaking
effect) was followed by a steady, rather steep degradation curve. The cell with NiO,, how-
ever, only showed a small initial increase that was quickly dominated by degradation after
1 hour. However, the cell was observed to stabilise after a steep initial decrease in PCE.
Therefore, in the long run, the use of NiO, proved to result in a more stable cell architecture
as compared to PEDOT:PSS.
Still, some degree of degradation was observable for both types of hole transport layers and
further experiments are necessary to gain a better understanding of the involved mechanisms
and to eventually be able to eliminate all causes for degradation. Furthermore, experimental
data on the (ir)reversibility of the changes induced by MPP-tracking is still missing.
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7.2.1 Metastable light soaking behaviour and impact of HTL

In the experimental work, special focus was laid on the cells’ metastable response to light
soaking. Experiments performed in inert atmosphere demonstrated that devices with PE-
DOT:PSS as hole transport layer exhibit a huge metastable light soaking effect. Their
V. strongly increases upon illumination, a change that is almost fully reversible when
the cells are stored in the dark for several hours. In contrast, cells with NiO, showed a
much smaller and different response to illumination, in particular their V,. was found to
be very stable. This indicates that the origin of the strong light soaking behaviour of cells
with PEDOT:PSS lies in the hole transport layer (or the interface formed by the transport
layer and the perovskite). Further experiments are necessary to investigate the mechanisms
responsible for the metastable behaviour but based on experiences with similar effects in
chalcogenide photovoltaics, it can be expected that the behaviour is mainly defect-driven.
However, due to the ionomeric nature of PEDOT:PSS, polarisation effects might also play
a role.

7.2.2 Structural changes

XRD measurements were frequently performed within this thesis to check for changes in the
bulk crystal structure. Such changes could only be observed when the cells were exposed
to ambient air and some degree of humidity (e.g. light soaking in ambient air and damp
heat testing). All experiments performed in inert atmosphere (light soaking, MPP-tracking,
dark storage) left the bulk structure unaltered, thus demonstrating that the bulk perovskite
is stable in the absence of oxygen and humidity. Therefore, any permanent degradation or
changes that could be observed during measurements in inert atmosphere can only have
occurred at the interfaces or in volumes inside the bulk (e.g. grain boundaries) that are
small enough not to show up in XRD.

Even if changes could be observed in XRD (see below), they did not correspond to the
formation of Pbl, that usually accompanies the complete, irreversible decomposition of the
perovskite. This is another indication for the high structural stability of the triple-cation
perovskite.

Table 7.1 provides an overview of the structural changes that have been observed. It
comprises a list of the XRD peaks that appeared after different stability tests. Upon light
soaking in ambient air, the same additional peaks emerged in the XRD patten for both
HTLs, NiO, and PEDOT:PSS. However, the peaks could not be assigned to any known
crystal structure so far. Damp heat conditions were observed to lead to the formation of a
hydrate structure for a cell with PEDOT:PSS. Upon dark storage in dry air, only one small
additional peak appeared at 11.3 ° for cells both with pure DMSO-doped PEDOT:PSS.
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Table 7.1: Summary of XRD peaks appearing in unencapsulated devices after
applying different external stressors. Peaks that emerge after both light soaking
and damp heat testing are highlighted in grey.

Damp heat Light soaking Dark storage

testing in ambient air in dry air
20 /° | A20/° |20 /° | A20/° |20 /° | A20/°

- - - - 11.3 0.1
11.9 0.1 - - - -
20.5 0.1 - - - -
- - 22.4 0.3 - -
23.8 0.1 23.8 0.2 - -
25.7 0.1 - - - -
26.6 0.2 26.7 0.1 - -
32.6 0.2 32.7 0.2 - -
33.5 0.1 - - - -
35.8 0.2 - - - -
- - 39.2 0.4 - -
- - 46.2 0.5 - -
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Appendix A

Used measuring instruments
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Table A.1: List of measuring instruments and equipment used for this thesis.

Instrument Manufacturer Comment

2400 SourceMeter Keithley IV characterisation and EQE
measurements, Graz

2600 Series SourceMeter Keithley EBIC measurements

2651A High Power System SourceMeter | LXI IV characterisation, Vienna

6490LV SEM Jeol EBIC measurements

818-UV low-power UV-enhanced silicon | Newport EQE measurements

photodetector

AB204-S Analytical Balance Mettler Toledo Weighing out  chemicals
(glovebox)
Adventurer Analytical Balance OHAUS Weighing out NiO, precursor
ADwin-Pro IT Data Aquisition System | ADwin EBIC measurements
ARL EQUINOX 100 X-Ray Diffracto- | ThermoScientific XRD, Vienna
meter
Climate Chamber TCZ 7016 S(m) - | TIRAyws -
1,2K
Controller P 330 Furnace Nabertherm Annealing of NiO,, films
DektakXT Stylus Profilometer Bruker Profilometry
DLH400D HMI Daylight Spotlight dedolight Light source, Graz
Empyrean x-ray diffractometer Malvern Panalyt- | XRR
ical

Femto Plasma System

diener electronic

Os-plasma treatment of ITO

Lamp Housing for 75W Xenon Lamp AMKO EQE measurements

LPS20-U Universal Lamp Power Sup- | AMKO EQE measurements

ply

MCS 66 Heating Plate CAT Annealing of perovskite lay-
ers

MiniFlex x-ray diffractometer Rigaku XRD, Graz

MR 3001 K Hot plate Heidolph Stirring of NiO,-precursor

MulLTImode4-AT Grating Monochro- | AMKO EQE measurements

mator

Oberflaechen TEMP Heizplatte IKAMAG RCT Stirring of precursors

SQM-160 Rate/Thickness Monitor Inficon Thickness monitoring during

PVD

SR570 Low noise current preamplifier

SRS Stanford Re-
search Systems

EBIC measurements

SUPRA 40 FE-SEM

ZEISS

SEM, Vienna

Trisol”™ Class AAA Standard Solar | OAI Light source, Vienna
Simulator TSS-208

Ultrasonic Cleaner VWR -
WS-650MZ-23NPPB Spin Coater Laurell -
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