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Abstract

Metal halide perovskites have shown a promising future for applications in field-effect
transistors, light-emitting diodes, sensors, solar cells and photo-detectors due to their ex-
cellent optic-electrical properties. The excellent properties of perovskites, for example,
strong absorption, the long diffusion length of photo-generated charge carriers and low
binding energies make it possible to realize next-generation solar cells with 25.7 % power
conversion efficiency (PCE) in a decade. At the same time, perovskite solar cells (PSCs)
have shown a powerful photovoltaic application for replacing silicon solar cells not only
due to high PCE but also because of their low processing costs. However, long-term
stability is a challenging issue for the commercialization of PSCs. So far, using sealing
technologies industrialized for organic electronics can suppress extrinsic factors such as
oxygen and water-induced degradation of PSCs. However, intrinsic factors like heat and
light-induced degradation under the real operation of PSCs cannot be avoided and will
still cause degradation of PSCs. This thesis aims to figure out the fundamental degrada-
tion mechanisms of PSCs under operational conditions, which can be used for designing
strategies to improve the long-term stability of PSCs.

Zusammenfassung

Metallhalogenid-Perowskite haben aufgrund ihrer hervorragenden optisch-elektrischen
Eigenschaften eine vielversprechende Zukunft für Anwendungen in Feldeffekttransistoren,
Leuchtdioden, Sensoren, Solarzellen und Fotodetektoren. Zu den hervorragenden Eigen-
schaften von Perowskiten zählen beispielsweise die starke Absorption, die lange Diffu-
sionslänge photogenerierter Ladungsträger und niedrige Bindungsenergien, die es
ermöglichen, Solarzellen der nächsten Generation mit 25,7 % Leistungsumwandlungsef-
fizienz (PCE) in einem Jahrzehnt zu realisieren. Gleichzeitig haben sich Perowskit-
Solarzellen (PSCs) als leistungsstarke photovoltaische Anwendung zum Ersatz von
Silizium-Solarzellen erwiesen, nicht nur aufgrund der hohen PCE, sondern auch we-
gen ihrer geringen Verarbeitungskosten. Die Langzeitstabilität ist jedoch eine Heraus-
forderung für die Kommerzialisierung von PSCs. Bisher können durch den Einsatz der für
die organische Elektronik industrialisierten Versiegelungstechnologien extrinsische Fak-
toren wie der durch Sauerstoff und Wasser induzierte Abbau von PSCs unterdrückt wer-
den. Intrinsische Faktoren wie wärme- und lichtinduzierte Degradation unter dem realen
Betrieb von PSCs können jedoch nicht vermieden werden und werden immer noch eine
Degradation von PSCs verursachen. Diese Arbeit zielt darauf ab, die grundlegenden
Degradationsmechanismen von PSCs unter Betriebsbedingungen herauszufinden, die für
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die Entwicklung von Strategien zur Verbesserung der Langzeitstabilität von PSCs ver-
wendet werden können.
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1 Introduction

Climate change has been a global challenge in recent decades. Carbon dioxide emission
is the key factor in worsening climate change. Developing renewable energies, especially
for photovoltaic technologies, is the crucial strategy for suppressing the emission of CO2.

Photovoltaics (PVs) have a few advantages: 1) the reliability and bank-ability of PV in-
stallation; 2) the compatibility of the grid infrastructure. Meanwhile, climate action plans
call for 10 terawatts of PV by 2030. Thus, developing PV technology would be a critical
way to realize such a goal. A number of solar cells will be introduced below.

For real-world applications of solar cells, the high PCE is the major parameter for decreas-
ing the installation cost. Thus, a PCE competition for all kinds of solar cells is continuing
once new types of solar cells are invented. Thus, the history of PCE development will
be included. The discussion also includes the pros and cons of different types of solar cells.

The bandgap (1.12 eV) of silicon makes it an ideal material to harvest the sunlight spec-
trum from 250 nm to 1100 nm. A p-n junction made by p-type and n-type Si enables an
efficient conversion from sunlight to electrical power. Through optimizing the device ar-
chitecture and passivating contacts, the PCE of silicon solar cells has reached 26.7 % [1].
Currently, passivated emitter rear contacts, tunnel oxide passivated contacts, and het-
erojunction technologies dominate the mainstream of the global market for silicon solar
cells. However, the low light absorption coefficient due to the nature of indirect semicon-
ductors limits the application scenarios of such a photovoltaic technology. It is inevitable
to use a thicker material (about 100 nm) to absorb sunlight totally, which restricts the
possibility of reducing fabrication costs. Also, the high PCE of silicon solar cells needs a
very high-quality silicon wafer, which also confines the possibility of a reduction in fabri-
cation costs.

Gallium arsenide (GaAs) own the record efficiency of single-junction solar cells, which
is 29.1 %. Such a direct band gap material with 1.42 eV has the best match for solar
spectrum and a very high absorption coefficient. Compared with silicon solar cells, a
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2 Chapter 1. Introduction

2 µm thin film can efficiently absorb all sunlight. However, the price of rare metal gallium
restricts such solar cells for space application.

Cadmium telluride (CdTe) solar cells have an ideal bandgap (1.43 eV) and high light
absorption, which produces a 21.0 % record efficiency. However, the toxicity of Cd and
the insufficient Te on the earth prohibit a wide market share for such a technology [1].

Copper indium gallium selenide (CIGS) is a versatile material that can be fabricated by
many techniques and installed in different forms. The bandgap of this material can be
adjusted from 1.04 to 1.7 eV by modifying the ratio between indium and gallium. The
record efficiency of CIGS is 23.35 % [1].

A dye-sensitized solar cell (DSSC) works as a photo-electrochemical cell, where the gen-
eration and transport of electrons are caused by the systematic factors of photon energy
and chemical reactions. Dye-sensitized solar cells reach a certified record efficiency of
12.25 % [1].

Organic solar cells have achieved a certified PCE of 18.7 % due to the replacement of
fullerene type acceptors with non-fullerene acceptors and their derivatives [2]. However,
operating organic solar cells under operational conditions for the long term is the big
barrier to bringing them to market.

Quantum dot solar cells have reached a certified PCE of 18.1 % due to the use of per-
ovskite nanocrystals [3]. PbS quantum dot solar cells with a certified PCE of 13.8 % have
the advantage of absorbing near-infrared sunlight which is not absorbed by other types of
solar cells [4]. This offers a promising future for use in tandem solar cells to fully absorb
the solar spectrum.

Hybrid perovskite materials are suited for a wide range of optoelectrical applications,
including solar cells, light-emitting diodes, and photodetectors, due to their adjustable
bandgap, low crystal formation energy, and high defect tolerance. Perovskite solar cells
are also a viable technology for future large-scale applications and cheap manufacturing
costs due to solution-based techniques and cost-effective ingredients. Perovskite solar cells
reach equivalent performance compared to silicon solar cells because of dedicated research
and global collaboration. Materials engineering using a two-step solution approach, sol-
vent engineering and compositional engineering produce a power conversion efficiency of
more than 20 %. Surface passivation and interfacial engineering have improved the per-
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formance of PSCs to 25.7 % [5].

One major barrier to the commercialization of PSCs is their long-term operational sta-
bility. To become a competitive technology such as silicon solar cells. The long-term
operational stability of PSCs should maintain 90 % of their initial performance after 20
years of operation under real weather conditions (T90). However, the record T90 of PSCs
only reached about 5000 hours under real-world conditions [6]. This is far away from
43800 sun-hours (6 sun-hours per day for 20 years). To meet this target, one has to fig-
ure out the degradation mechanisms of PSCs and propose possible strategies to improve
long-term operational stability.

The other key challenge in the field is the reproducibility in different labs for fabricating
highly efficient PSCs, and only a few organisations across the globe can generate devices
with certified PCE > 23 %. For the reproducibility of highly efficient PSCs, it is therefore
critical to study the underlying limits throughout the manufacturing process.

To end up with these challenges, for this thesis, I aim to improve the reproducibility
of device performance and dig the degradation mechanisms of PSCs under operational
conditions. I structure this thesis in the following ways: After the introduction, the the-
oretical background of X-ray scattering and PSCs are introduced in chapter 2. Next,
chapter 3 illustrates detailed device fabrication processes for this thesis. In chapter 4,
all characterization methods related to this thesis are introduced. In chapter 5, I study
how the two-dimensional polymorphs affect the optical properties, morphology, crystal
orientation, charge carrier dynamics, and device reproducibilities. In chapter 6, I investi-
gate the degradation mechanisms of perovskite solar cells operated under vacuum and a
nitrogen atmosphere using synchrotron radiation-based operando grazing-incidence X-ray
scattering methods. In addition, I find the water content in PbI2 could affect the repro-
ducibilities of PSCs dramatically as shown in chapter 7. Finally, the thesis is concluded
by the obtained results in chapter 8.





2 Theoretical Background

This chapter contains the critical theories for understanding the topics discussed in this
thesis. In Section 2.1, I discuss the basic concepts of X-ray scattering and the start-of-
art scattering methods like GIWAXS and GISAXS. I also show the working principle for
PSCs in Section 2.2.

2.1 X-ray Scattering

This section offers an introduction to X-ray scattering techniques for detecting crystal
structures and morphologies. Basic concepts of X-ray scattering, X-ray diffraction, GI-
WAXS and GISAXS are introduced accordingly.

2.1.1 Basic Concepts

Grazing-incidence X-ray scattering (GIXS) methods, in particular, grazing-incidence wide-
and small-angle X-ray scattering (GIWAXS, GISAXS), have shown to be an efficient
technique for studying the morphology of thin films at various length scales. As a result,
GIWAXS and GISAXS have been used in the rapidly evolving field of hybrid perovskites
and play an important role in this thesis. Sections 2.1.2, and 2.1.3 provide a brief overview
of GIWAXS and GISAXS, respectively. The scattering geometry is depicted schematically
as shown in figure 2.1.

5



6 Chapter 2. Theoretical Background

Figure 2.1: Schematic picture of the experimental set-up used in GISAXS or GIWAXS. The
detection of diffuse scattering is done with a 2D detector. The sample surface is placed nearly
horizontally, inclined by an incident angle αi. The exit angle is denoted αf and the out-of-plane
angle ψ. The color coding visualizes differences in the scattered intensity. Typical sample-
detector distances for GIWAXS and GISAXS are 0.1 m and 2-3 m. Reprinted with permission
from [7]. Copyright 2014 Wiley.

The sample reference frame is positioned on the sample surface, pointing in the direction
of the X-ray beam and z along the surface normal. The incident beam with −→

k shoots on
the sample at a very small angle αi where αi is typically smaller than 1° (for X-ray energy
greater than 6–8 keV) and around the critical angle αc, resulting in a lengthy footprint. As
a result, for αi > αc, the beam penetrates the film and the diffused signals are scattered
from a rather big volume of samples on scales relevant to common photovoltaic systems.
As a result, GIXS can obtain high statistical information of the structures buried un-
derneath to the real-space information collected by scanning electron microscopy on tiny
areas of the sample surface [7, 8].

The in-plane exit angle αf and out-of-plane angle ψ are used to describe scattered waves
with momentum −→

kf (in regard to the scattering plane). The scattering vector is

−→q = −→
kf −

−→
ki =


cosαf cosψ − cosαi

cosαf sinψ
sinαi + sinαf

 (2.1)
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GIXS, in general, provides solid statistics across a large sample volume while being non-
destructive. Different length scales can be examined depending on the sample–detector
distance (SDD): Crystallographic information (particularly regarding crystal orientation)
with GIWAXS, (mesoscale) domains and their organisation with GISAXS. When paired
with high-brilliance synchrotron (or high-flux neutron) sources, the counting time is re-
duced to milliseconds (minutes), and GIXS may be used to study chemical and physical
processes in-situ or operando. GIWAXS is also supplementary to (specular) X-ray diffrac-
tion (XRD), which explores a tiny portion of reciprocal space along the surface normal
(qz direction) [7, 8].

2.1.2 X-ray Diffraction

A typical method for investigating crystalline materials is X-ray diffraction (XRD). Ac-
cording to Bragg’s law, a parallel monochromatic X-ray beam with wavelength λ hits
crystal surfaces at a distance dhkl and produces intensity through constructive interfer-
ence:

nλ = 2dhkl sin θ (2.2)

In a Bragg–Brentano measurement setup, the source and (point) detector are varied while
maintaining an angle of 2θ with each other, and the diffraction vector q⃗ is oriented nor-
mal to the surface of the sample. The intensity of a diffraction peak is determined by the
arrangement of Nj atoms throughout the crystal (specifically, the electron density ρe at
position r⃗ = (xj +yj +zj) and is thus highly dependant on the atomic structure factor Fhkl

and, in turn, the atomic form factor fj, which measures the effectiveness of the electron
group in each atom’s ability to scatter X-rays at any angle.

Ihkl ∝ |Fhkl|2 (2.3)

Fhkl(q⃗) =
m∑

j=1
Njfjexp[2πi(hxj + kyj + lzj)] (2.4)

fj(q⃗) =
∫

V
ρe(r⃗)exp[2πi(q⃗ · r⃗)]dV (2.5)

Thus, Fhkl(q⃗) = 0 unless the Laue condition for reciprocal lattice a∗, b∗, and c∗ vectors is
satisfied.
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G⃗ = ha∗ + kb∗ + lc∗ ≡ q⃗ (2.6)

The crystal phase of the probed material can be determined by considering the relative
location of the generated reflexes (often depicted in dependency of the Bragg angle 2θ).
The peak shape conceals further information about the structure: Apart from instrumen-
tal effects, peak broadening is related to crystal size D and micro-strain, as discovered by
Stokes and Wilson in 1944 [9]:

∆ cos θ = kλ

D
+ 4ϵ sin θ =⇒ (2.7)

D = kλ

△ cos θ − ϵ4 sin θ = kλ

y − ϵx
(2.8)

ϵ = ∆ cos θ
4sinθ = y

x
(2.9)

The first half of this equation is the well-known Scherrer equation, which was developed
in 1918 and connects crystal size D to peak full-width-half-maximum (FWHM) ∆ [10].
The crystallite form factor K is frequently estimated as K = 0.9, implying a spherical
(or random) crystal shape; a cuboid crystal shape, as predicted for hybrid perovskites,
is better described by K = 1 [11]. If micro-strain is taken into account, graphing δcosθ
versus 4 sinθ in a Williamson–Hall plot yields D from the intersection of a linear fit with
the vertical axis, which is obtained from the slope y

x
. This analysis is solely limited to

isotropic crystal orientations (i.e. powder diffraction).

In the laboratory, X-rays are frequently created by the emission of a Cu anode, which has
a particular spectrum with high intensities for the Kα1 (transition from L3 to K, 1.5406
Å) and Kα2 (transition from L2 to K, 1.5444 Å) doublets [12]. If no costly filtering lenses
are utilised, they generally overlap, widening the peak even further.

The peak shape is critical for correcting additional instrumental broadening effects caused
by beam size and divergence. The adjustment is quadratic if the data is fitted with a
Gaussian peak shape:

β2
obs = β2

size + β2
strain + β2

instr (2.10)

With a Lorentzian peak shape, the correction is linear:

βobs = βsize + βstrain + βinstr (2.11)



2.1. X-ray Scattering 9

Thus, the corrected FWHM is in the Gaussian case:

∆ =
√
β2

obs + β2
instr (2.12)

(2.13)

and in the Lorentz case:

∆ =
√
βobs + βinstr (2.14)

(2.15)

2.1.3 Grazing-Incidence Wide-Angle X-ray Scattering

The 2D detector in grazing-incidence wide-angle X-ray scattering (GIWAXS) is located
near the sample, allowing for large diffraction angles equivalent to XRD. As a result, the
physics of this measuring approach are identical, and equations 2.2 and 2.3 also apply. In
contrast to XRD, the incidence angle αi in GIWAXS is fixed. The scattering signal is made
up of each Bragg angle 2θ, and it is typically collected by an area detector, containing
information on crystal phase and orientation along the substrate surface normal. Thus,
crystal orientation is defined by the azimuthal angle χ to the normal component qz of the
scattering vector, whereas random orientation results in the creation of Debye–Scherrer
rings with a homogeneous distribution of intensity. Since GIWAXS investigates scatter-
ing signals produced by a set incident beam k⃗i, the scattered wave-vector k⃗f represents
a sphere geometry in reciprocal space (Ewald sphere), and the reciprocal lattice points
corresponding with its surface satisfy the Laue condition. With using 2D detectors, the
detector image must be adjusted as a result, which causes a missing-wedge area in the
reshaped GIWAXS images [8].

Measurement Principle

An incident X-ray beam with a fixed incidence angle hits a scattering center (lattice point)
in a crystal resting on a substrate. Its coordinate system in real space is supplied by x, y,
and z. The reciprocal lattice vectors a∗, b∗, and c∗ (drawn in two dimensions for simplicity
as shown in 2.2) span the lattice in reciprocal space. The origin of reciprocal space O is
built at twice the wavevector k⃗i, which is also the radius of the (3-dimensional) Ewald
sphere. The surface of the Ewald sphere crosses specific lattice points (blue), which satisfy
the Laue condition G⃗ ≡ q⃗, implying that momentum is transferred to the final wavevector
k⃗f , and the momentum transfer is defined by q⃗.
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Figure 2.2: In an x-ray scattering experiment, a reciprocal-lattice (blue dots) is examined. The
signal on the detector is caused by the junction of the Ewald sphere and the reciprocal-space
peaks. It is worth noting that the experiment does not investigate the ’true’ qz axis (green).
Reprinted with permission from [13]. Copyright 2022 MediaWiki.

The angle formed by these two wavevectors (in real and reciprocal space) is equal to
two. Because this circumstance is valid for all lattice points, parallel (dashed black) lines
may be constructed by connecting the scattering centre and the other lattice point. As
a result, the wavevector transfer contributes in the qx direction. The scattering angle 2θ
may be characterised in real space by an azimuthal contribution (in the sample reference
frame) and an out-of-plane contribution αf . The momentum transfer q⃗ is projected in two
dimensions onto a (flat) detector, and so contributes significantly to qx in both directions
(hence the coordinate system qxy and qxz in Figure 2.1). By employing Equation 2.1, the
momentum transfer may be transferred from the reciprocal space coordinate system to
the real-space coordinate system. As a result, there are three possible methods to show
GIWAXS data without sacrificing information (see Figure 2.3):

(1) converting detector pixels to the in-plane ψ and out-of-plane angles αf (only minor
deviations are visible at high angles);
(2) depicting qz versus qr =

√
q2

x + q2
y , which requires a transformation that results in a
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distorted detector image and a missing wedge around qr = 0 or χ = 0;
(3) plotting total q = |q⃗| versus azimuthal angle (on the detector plane).

Figure 2.3: Possible representations of 2D GIWAXS data include the following: (a) detector
images collected from a Lambda 4.5M detector, (b) q transformation resulting in a missing wedge
due to the inaccessibility of lattice sites with qr = 0, and (c) complete q vs. χ representation.

Date Treatment

Because of the measurement geometry used in GIWAXS, the detector picture is only a
distorted representation of the reciprocal crystal lattice, and so specific corrections must
be added to allow for its entire reconstruction. These adjustments are mostly due to the
large scattering angles 2θ and, therefore, have only a minor influence in GISAXS.

For the data analysis described in this thesis, the term ”pseudo-XRD” refers to an inte-
gration over all angles that theoretically results in a scattering pattern similar to powder
XRD (after applying the corrections discussed below); A ”cake cut” is a slice over a nar-
rower angular range. Azimuthal (”tube”) cuts are made along the q location of the (hkl)
reflex (Debye–Scherrer ring) of interest to analyse crystal orientations.

Averaging across a wide sample area (as in grazing-incidence geometry) implies averaging
over a large number of crystal orientations. As a result, a reciprocal lattice vector with
random orientations defines a so-called orientation sphere around the origin of reciprocal
space, a Debye–Scherrer ring seen on the detector is the (circular) intersection of the ori-
entation sphere and the Ewald sphere [14]. A polar angle in the crystal orientation sphere
denotes the orientation with respect to the substrate normal; an azimuthal (equatorial)
angle denotes the in-plane orientation distribution, which is not available using GIWAXS.
By contrast, the ”azimuthal” angle χ of the Debye–Scherrer ring engraved on the area
detector corresponds to the orientation sphere’s polar angle. For the sake of clarity, the
term azimuthal angle χ refers to throughout this work. The FWHM from peaks in the
cake-cut is massively broadened in GIWAXS due to the convolution of the scattering sig-
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nal with the beam shape from the large footprint.

The flat field correctionand the dark field correction account for the different sen-
sitivities of individual pixels on the area detector; while the first is performed directly
on the detector server using manufacturer-supplied calibration files, the second can be
omitted by masking individual ”dead” or ”hot” pixels.

The solid angle correction takes the measurement geometry into account since the
nominal pixel area A0 = LxLy encompasses a range of solid angles relative to the scattering
centre. The adjustment is as follows:

CΩ = ∆Ω0

∆Ω2θ

(2.16)

∆Ω0 = A0

r2
0

(2.17)

∆Ω2θ = A2θ

r2
2θ

(2.18)

Where ∆Ω0 and r0= SDD denote the solid angle and distance of the scattering centre
to the pixel at the direct beam position on the detector (x0, y0), respectively, and A2θ =
A0cos 2θ, and r2θ = SDD/cos2θ denote the effective pixel area, solid angle, and distance
of a pixel (xj, yj) at the oblique scattering angle which is shown in below equation, re-
spectively.

2Θ = arctan

√
L2

x(xj − x0)2 + L2
y(xj − x0)2

SDD
(2.19)

As a result, the intensity of the scattering is normalised to the intensity at the direct
beam point.

Due to the very short SDD and broad scattering angles, various factors must be considered
when calculating the chance of a scattered photon being detected by a pixel (efficiency
corrections). Photons dispersed at various oblique scattering angles 2θ travel varying
lengths through a material with a linear mass attenuation coefficient m, and hence the
attenuation is varied according to the below equation:

CM = (exp[−µmr2θ])−1 (2.20)
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No attenuation is required for measurements made in vacuum, and µm = 0. Additionally,
a photon striking a detector pixel at a large oblique angle 2θ has a larger likelihood of
absorption than a photon striking at a lower angle, since its journey:

d2 = d0

cos 2θ (2.21)

through the single photon counter with thickness d0 is longer. Thus, the linear mass
attenuation coefficient d of the sensor material (usually silicon) results in the absorption
variation correction as follows:

CD = ([1 − exp(−µdd2θ])−1 (2.22)

As a result, absorption of X-rays by the sample may be ignored, and so no absorption
correction is required.

Polarization correction is needed because Synchrotron sources generate X-rays with a
large proportion of horizontal (linear) polarisation (usually about 98 %), which generates a
dipole oscillation of the electrons in the investigated material in the polarisation direction.
As a result of this energy loss, a portion of the photons’ energy is lost to electron excitation
a reducing the scattering intensity in this direction. However, even when beams are not
polarised, the dipole emission profile has a small effect on the scattering intensity. To
compensate for this impact, one should connect the angle ξ between the polarisation
direction and the exit wavevector kf through:

Cp = ζh |sin ξ|2 + (1 − ζh) cos2 αf = ζh(1 − cos2 αf sin2 ψ) + (1 − ζh) cos2 αf ) (2.23)

where the horizontal polarization fraction of the beam locates between 0 and 1.

In summary, the corrected intensity of each pixel Icorr is corrected by:

Icorr = IrawCF FCΩ
CMCD

max(CMCD)
1
CP

(2.24)
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There is some controversy in the literature about whether the intensities of azimuthal
GIWAXS cuts should be amplified by a factor sinχ [14–16]. This follows from the pre-
ceding illustration of the orientation sphere: With an isotropic crystal orientation in the
sample plane but a limited film thickness, the sample resembles a ”2D powder,” in con-
trast to a true ”3D powder” sample generally measured in transmission geometry. The
primary rationale for the adjustment is that crystals with an in-plane orientation spread
their scattering intensity evenly over the equator of the orientation sphere, while crystals
with an out-of-plane orientation concentrate their intensity towards the poles. Thus, if
the orientation sphere is intersected with the Ewald sphere, the resultant ring on the
detector will have a higher intensity for out-of-plane orientation even though the crystal
orientation is isotropic. Corrections for two-dimensional and three-dimensional powder
are implemented in GIXSGUI as distinct Lorentz corrections and evaluated [17]. It should
conclude that since the modifications distort the results, they should not be used on highly
crystalline hybrid perovskite thin films. A probable reason is that, in contrast to less or-
ganised semi-crystalline polymer films, perovskite crystals as high crystalline materials do
not qualify as a 2D powder.

Drawbacks

While GIWAXS is capable of presenting powerful crystallographic information on thin
films, it has a number of limitations that should be addressed during data processing.

The most significant is the inaccessible wedge-shaped area around qr ≈ 0, which can be
retrieved only partially by repeated observations at higher αi. If a fit is employed to esti-
mate the peak intensity concealed in this region, it should be compared to other reflexes
that do not fall inside the missing wedge.

The SDD is a source of uncertainty since it is on par with the normal sample size and
the dimensions of the beam’s imprint on the sample: This results in a significant widen-
ing of the Debye–Scherrer rings on the detector, which becomes more pronounced with
increasing scattering angles. This is because the scattering centres are distributed across
the footprint, resulting in a wide range of detector distances and not a single SDD. Thus,
crystal sizes may be extracted using the Scherrer equation only when the instrumental
broadening at the specified measurement conditions is minimal in comparison to the size
widening, which limits it to semi-crystalline polymers studied with a highly focused X-ray
beam. Incorrect sample height modification further alters the SDD substantially.
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2.1.4 Grazing-Incidence Small-Angle X-Ray Scattering

The sample-to-detector distance is set far from the sample in grazing-incidence small-
angle X-ray scattering (GISAXS), with typical sample–detector distances exceeding 1 m.
The accessible length scales ranging from nanometers to micrometres, making them useful
for exploring crystal shapes and relative size distributions. The refractive index of X-rays
(and neutrons) is near unity and is:

n = 1 − δ + iβ (2.25)

For ”hard” X-rays (> 8 keV), the scattering event is elastic.

∣∣∣k⃗i

∣∣∣2 =
∣∣∣k⃗f

∣∣∣2 = k (2.26)

GISAXS is mostly determined by the dispersion, which is determined by the scattering
length density (SLD). Thus, GISAXS is very sensitive to materials; when the film scatters
X-rays, the signals are scattered from the film surface at the critical angle αc, leading to
an enhanced intensity for αf = αc at the Yoneda peak [18]. Thus, the GISAXS signal
is evaluated by executing the Yoneda peak of materials by horizontal line cuts, and the
decline of intensity provides information about the inner morphology of film in compari-
son to its surrounds. However, converting reciprocal-space data to real-space structures
requires sophisticated modelling that accounts for scattering and reflection between scat-
tering objects and the substrates. Additionally, the form of the scattered items must be
taken into account. The distorted wave Born approximation (DWBA) is a widely
used method for data modelling. It differentiates between four different scattering events
and defines the superposition of scattered intensity. The interactions between X-rays and
scattering objectives inside the film are modelled by using form and structure factors that
correspond to the shapes and distances of the domains in real space [7, 8, 19–22].

Diffuse X-Ray Scattering

Levine et al. produced the first GISAXS observations in 1989, however Y. Yoneda is
credited with finding the ”anomalous surface reflection of X-rays” [18, 23]. At modest
scattering angles, the probed region of the Ewald sphere may be regarded as sufficiently
flat, and hence the detector picture immediately translates to qy and qz as shown in Figure
2.1, without the need for further corrections as in GIWAXS. The critical angle may be
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estimated using Snell’s equation for shallow angles.

n = sin [90◦ − αc] = cosαc ≈ 1 − α2
c

2 (2.27)

as

αc(λ) ≈
√

2δ(λ) (2.28)

As previously stated, small incidence angles cause anomalous scattering from ”rough
surfaces,” i.e. photon out-coupling below the sample’s critical angle αc, which results in
the Yoneda peak. For multi-component systems, understanding the substance of interest
is critical. Henke et al. (http://henke.lbl.gov) provide the atomic form factors fj for each
element at various X-ray energies by:

fj = f 0
j + f ′

j(λ) + f ′′
j (λ) (2.29)

where f0 may be approximated by the number of electrons Zj of an element j (for X-rays)
with the dispersion correction f ′

j(λ) and f ′′
j (λ). The scattering length at point r⃗ is:

ρ(r⃗) = reρe(r⃗) (2.30)

where re is the material’s particular electron density and r⃗ is the classical electron radius
(Thomson scattering length).

re = 1
4πϵ0

e2

mec2 ≈ 2.818 × 10−15 m (2.31)

with the speed of light c , the elementary charge e , the electron rest mass me, and
the permittivity constant ϵ0. Thus, the scattering length density (SLD) of a material is
calculated by adding the contributions of each element and weighting them by the stoi-
chiometric proportion cj.

SLD(r⃗) = ρ(r⃗)
∑

j cj

(
f 0

j + f ′
j(λ) + f ′′

j (λ)
)

∑
j Zj

(2.32)

Alternatively, by inserting ZjNA = Mj, the particular molar mass Mj may be used. Thus,
the dispersion and absorption coefficients are location and wavelength dependent:
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δ(r⃗, λ) = λ2

2πℜ(SLD) = λ2

2πρ(r⃗)
∑

j cj

(
f 0

j + f ′
j(λ)

)
∑

j Zj

(2.33)

β(r⃗, λ) = λ2

2πℑ(SLD) = λ2

2πρ(r⃗)
∑

j cjf
′′
j (λ)∑

j Zj

. (2.34)

With the approximations f 0
j ≈ Zj and f ′

j ≪ f 0
j and for constant λ this becomes:

cδ(r⃗) = λ2

2πρ(r⃗) (2.35)

β(r⃗) = λ

4πµ(r⃗) (2.36)

with µ being the X-rays’ linear mass attenuation coefficient. For hard X-rays, the orders
of magnitude are:

cδ = O
(
10−6

)
(2.37)

β = O
(
10−7

)
(2.38)

The scattering arises from an interface between two domains j and j0 with differing re-
fractive indices, and the scattering contrast ∆ is given by the differences in δ and β:

|∆|2 = ∆δ2 + ∆β2 (2.39)

The typical absorption length 1/µ establishes a limit on the depth inside a film to which
a scattered photon may re-enter, and the so-called scattering depth Λ can be determined
using the incoming li and outgoing X-ray paths lf :

Λ = λ√
2π (li + lf )

(2.40)

li,f =

sin2 αc − sin2 αi,f +

√√√√(sin2 αi,f − sin2 αc)2 +
(
µλ

2π

)2


2

(2.41)

The total differential scattering cross section is used to calculate the probability of a
scattering event:

dσ

dΩ(q⃗) = 1
V

〈∑
j

∑
j′
F ∗

j′(q⃗)Fj(q⃗) exp
[
iq⃗ ·

(
−→rj −

−→
r′

j

)]〉
(2.42)
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where V is the scattering volume, rj,j′ the center positions of two scattering domains j
and j′ , and Fj(q⃗) and Fj′(q⃗) are the domains’ form factors (analogous to the atomic form
factors).

Fj(q⃗) =
∫

j
(ρ (−→rj ) − ρ (−→rj′)) exp [iq⃗ · −→rj ] d (2.43)

with the term (ρ (−→rj ) − ρ (−→rj′)) relating to the scattering contrast in Equation 2.37. The
notation ⟨⟩ signifies the averaging over all possible rotations. Writing F ∗

j′(q⃗)Fj(q⃗) = F 2(q⃗)
and adding an interference function called structure factor S(q⃗) that is related to the
interparticle arrangement, this can be reduced to:

dσ

dΩ(q⃗) = Nj

V
F 2(q⃗)S(q⃗) (2.44)

with

S(q⃗) = 1
Nj

〈∑
j

∑
j′

exp
[
iq⃗ ·

(
−→rj −

−→
j′
)]〉

. (2.45)

The expression introduces extra interaction terms for disordered systems, i.e. those with
uneven domain sizes or distributions:

〈
F ∗

j′(q⃗)Fj(q⃗)
〉

= |⟨F (q⃗)⟩|2 + δj,j′

(〈∣∣∣F 2(q⃗)
∣∣∣2〉−

∣∣∣〈F 2(q⃗)
〉∣∣∣2) (2.46)

with the Kronecker delta δj,j′ ,which are removed due to the decoupling approximation
(DA)’s disregard for correlations between the distributed type and their relative arrange-
ment [24].

dσ

dΩ(q⃗) ∝ N |⟨F (q⃗)⟩|2S(q⃗). (2.47)

This implies
(〈

|F 2(q⃗)|2
〉

= |⟨F 2(q⃗)⟩|2
)

and , the interference function is equal to the struc-
ture factor S(q⃗) of a suitable mono-disperse system without any extra terms. Poly-disperse
systems with domains greater than the beam’s coherence length may be considered as
locally mono-disperse using the local mono-disperse approximation (LMA), which
results in the incoherent cross-section for a particular kind of scatter [25].

dσ

dΩ(q⃗) ∝ N
〈
|F (q⃗)|2S ′(q⃗)

)
(2.48)
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S ′(q⃗) is a local interference function that includes incoherent components. As a result,
unlike the DA, a strong correlation between the sizes of surrounding domains is predicted.

Accounting for Reflection Geometry

Multiple scattering effects are induced due to the existence of a reflecting contact (the
substrate). In terms of the small scattering angle, the diffuse scattering from a ”rough
surface” reads:

dσ

dΩ(q⃗) = Aπ2

λ4 |∆|2 |Ti|2 |Tf |2 P (q⃗) (2.49)

where A is the sample area which is exposed, |Ti,f | refers to the Fresnel transmission co-
efficients for the incoming and outgoing beam, which both have a maximum at αc leading
to the enhanced intensity of the Yoneda peak. This is why horizontal cuts are often made
at this spot. The diffuse scattering factor is denoted by P(q⃗). In the so-called distorted-
wave Born approximation (DWBA), several scattering events are examined [22]:

P (q⃗) ∝ NS ′(q⃗)F 2
DW BA(q⃗) (2.50)

by three extra terms of the type FDW BA(q⃗) about reflection occurring before to and/or
after diffraction at an object. The importance of these contributions is significantly depen-
dent on the refractive index of the substrate and decreases as the exit angles αf increase.

Data Modelling

To convert the information contained in the GISAXS experiments’ reciprocal-space data
to actual space, I assume a model of abstract geometric forms as scattering objects spread
over a reflecting surface. The program used to generate out-of-plane scattering curves is
based on a deduction by David Magerl, which was developed for Python 2.7 by Christoph
J. Schaffer and fine-tuned by D. Magerl and L. Bieβmann, and was further upgraded by
Lennart K. Reb, Manuel A. Reus.

To use the LMA for simplicity; contributions from various kinds of scattering events are
therefore considered individually, and hence easily summarised:
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P (q⃗) ∝
∑

j

NjS
′
j(q⃗)Fj(q⃗) (2.51)

If one modifies the equations published by R. Lazzari in the compendium for the program
IsGISAXS using the approximations indicated above [24]. After Hosemann et al., the
mean inter-domain distance Dc of a perturbed system reads:

S ′(q⃗) = − 1 − ϕ2(q⃗)
1 + ϕ2(q⃗) − 2ϕ(q⃗) cos [|q⃗|Dc]

(2.52)

with

ϕ(q⃗) = exp
[
πω2

DD
2
c |q⃗|2

]
(2.53)

where ωD is the breadth (standard deviation) of a Gaussian (normal) distribution centred
on Dc [25].
When a cut at constant qz is considered (which is approximated as qz ≈ 0 ), Equation
2.50 simplifies, and the distance between two scattering centres Dc is given by:

S ′ (qy)|qz≈0 = −
1 − exp

[
πω2D2

cq
2
y

]2
1 + exp

[
πω2D2

cq
2
y

]2
− 2 exp

[
πω2D2

cq
2
y

]
cos [qyDc]

(2.54)

This is the interference function of a one-dimensional paracrystal, and so implicitly
adopts the effective interface approximation (EIA), which ignores vertical correla-
tions of the scattering intensity [20,24].

If one considers basic rotationally averaged geometrical forms as scattering objects, specif-
ically spheres (for full isotropy) and cylinders (accounting for the vertical constraint by
the substrate and film surface). The various form factors are as follows:

Fsph(q⃗) = 4πR3 sin[qR] − qR cos[q⃗ · r⃗]
(qR)3 exp [iqzR] (2.55)

for spheres with radius R , and

Fcyl(q⃗) = 2πR2H
J1 (qrR)
qrR

sin
[
qz
H

2

]
exp

[
iqz
H

2

]
(2.56)

for cylinders with radius R and height H , with J1 (qrR) being the first-kind Bessel function
of first order. Again applying the EIA, the expressions simplify:
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l |Fcyl (qy)|2
∣∣∣
qz≈0

≈
(
R
J1 (qy, R)

qy

)2

(2.57)

|Fsphi (qy)|2
∣∣∣
qz≈0

≈
(

sin [qyR] − qyR cos [qyR]
q3

y

)2

(2.58)

In order to introduce poly-dispersity into the system, the domains are represented using
a discrete Gaussian distribution with 1000 points.

G(R) = 1
ωR

√
2π

exp
[
−(R − ⟨R⟩)2

2ω2
R

]
(2.59)

with the average domain radius ⟨R⟩.

S(q⃗) = 1 in the so-called Guinier limit for a low scattered concentration, which in the
case of a (more or less) dense hybrid perovskite film might indicate that the micrometer-
sized domains (crystals) are larger than the resolution limit and the resolved structures
are sparse.

The generated model curves reflect the diffuse scattering factor P (q⃗) = 1, which is propor-
tional to the number of scatters NJ and consequently to the domain size. This relation-
ship is eliminated by normalising the form factors during the first fitting rounds (which
obliterates the significance of the intensity value); for relative comparisons of scattering
intensities, the data is fitted without normalisation. The set of fitting parameters, namely
⟨R⟩, ωR, Dc, ωD, may then be modified separately to overlap the data. A three-parameter
Lorentzian function is used to approximate the instrumental resolution around qy = 0.

Lres (qy, ωres , Ires ) = Ires

(
1 +

(
qy

ωres

)2
)−1

(2.60)

Using a width ωres that is tuned to replicate the centre scattering rod, i.e. the first 2-3
data points. To account for extra factors, such as surface roughness, a linear backdrop is
utilised.
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2.2 Perovskite Solar Cells

Hybrid perovskites have the formula ABX3 (where A is MA+, FA+, Cs+, B is Pb+,
and Sn+, and X is a halide ion such as I−, Br−, or Cl− [26]. Their extraordinary
tunable optoelectronic characteristics, along with their high crystallinity, particularly for
solution-processed materials, have sustained attention throughout the years [8, 27–30].
However, until 2009, hybrid perovskites were viewed as a viable alternative to the noto-
riously unstable dyes used in dye-sensitized solar cells (DSSCs) [31]. Although the first
power conversion efficiency (PCE) was very low and the device declined within seconds,
further research improved the device’s stability, resulting in PCE reaching 10% in late
2012 [32]. Strong competition between research groups, most notably those led by Henry
Snaith (University of Oxford) [33], Michael Grätzel (École Polytechnique Fédérale de
Lausanne, EPFL) [34], and Sang II Seok (Korea Research Institute of Chemical Technol-
ogy, KRICT) [35], resulted in unprecedented rapid progress, ultimately resulting in PCE
values well above 25% and good stability in a fully printable architecture [36].

2.2.1 Working Principle for Solar Cells

When a photon with higher energy than the bandgap energy Eg of a semiconductor is
absorbed, the bound photo-excited species (”exciton”) are in thermal equilibrium with
the Sun. They soon thermalize to the band boundaries, though, and the extra energy is
dissipated. Depending on the material’s dielectric constant, ϵ, the exciton with binding
energy Ebinding is dissociated into two free charge carriers, an electron and a hole with
decreased effective masses m∗

e and m∗
h:

Ebinding = −
m∗

e,he
4

8ϵϵ0h2 (2.61)

The electron-hole pair is now thermally matched to the lattice, its distributions are char-
acterised by a Fermi-Dirac distribution function:

ne,h = NCB,V B exp
−

∣∣∣ECB,V B − ECB,V B
F

∣∣∣
kBT

 (2.62)

where NCB,V B are the effective densities of states, ECB,V B are the energy levels, and
ECB,V B

F are the respective quasi-Fermi levels of the conduction band (CB) and the valence
band (VB), the latter being the electrochemical potential of either species. The split of
the Fermi level EF is divided owing to the presence of extra charge carriers in either
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energy band. The maximum energy of solar cells is governed by the potential difference
ECB

F − EV B
F , the free energy per electron-hole pair. According to Fick’s law, a chemical

potential gradient ∇µ over the device causes a diffusion current density Jdiff:

Jdiff = −Dene,h

kBT
∇µ (2.63)

where D is the diffusion coefficient.
An extra electrical potential gradient ∇ϕ (due to an external field, for example) results
in a drift current density Jdrift.

Jdrift = −σ∇ϕ (2.64)

with σ representing conductivity. Free charges (electrons and holes) are produced as a
consequence of exciton dissociation due to the gradient in the combined electrochemical
potential, and the net charge current density J is:

J = Je + Jh = σe

e
∇ECB

F + σh

e
∇EV B

F (2.65)

Thus, when J=0, the highest possible voltage is the open-circuit voltage:

eVOC = ECB
F − EV B

F (2.66)

When the Fermi level EF of both electrodes is aligned, the resultant current is referred
to as short-circuit current density JSC . Because electrical power is zero in both circum-
stances, the maximum power point tracking (MPPT) involves a trade-off between free
energy and the number of charge carriers.

Without illumination, the current-voltage curve of a solar cell is almost identical to that
of an ideal diode.

I = I0

(
exp

[
eV

kBT

]
− 1

)
(2.67)

where I0 is the so-called dark current, which represents the diode’s leakage current and
hence a measure of device recombination. The J-V curve changes with illumination as
a result of the increased current produced by extracted photo-generated charge carriers,
the photo-current Iph. This is given by the Shockley equation in an ideal solar cell:

I = I0

(
exp

[
eV

kBT

]
− 1

)
− Iph (2.68)
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A series resistance Rs compensates for transport losses in various solar cell layers, and a
parallel shunt resistance Rp reduces photocurrent flow via the diode through alternative
current pathways, and the non-ideality of the diode by the ideality factor n ∈ [1, 2]:

I = I0

(
exp

[
e (V − IRs)

nkBT

]
− 1

)
− V − IRs

Rp

− Iph. (2.69)

The resistances’ influence on the J-V characteristic substantially affects the solar cell’s
extracted power, as represented by the following equations:

Rs =
(
dI

dV

)−1

V =VOC

(2.70)

Rp =
(
dI

dV

)−1

V =0
−Rs. (2.71)

2.2.2 Power Conversion Efficiency of Solar Cells

In general, power conversion efficiency (PCE) of solar cells η refers to the ratio of the
maximum power yielded Pmax per cell area A under the incoming power flow Ein:

η = Pmax

EinA
= VMP P IMP P

Ein

(2.72)

To translate this into readily available photovoltaic characteristics, the fill factor (FF)
establishes a relationship between Pmax and the VOC and ISC :

FF = Pmax

Pideal
= VMP P IMP P

VOCISC

(2.73)

The theoretical maximum fill factor is around 89 %; Martin A. Green discusses alternative
more realistic fill factors that also allow for a decoupling of parasitic losses from Rp and
Rs [26].

William Shockley and Hans Queisser were the first to determine a photovoltaic efficiency
limit based only on thermodynamic considerations [37].
This so-called Shockley-Queisser limit sets the maximum PCE at 32.9 % for a homo-
junction solar cell with a band gap of 1.34 eV and unconcentrated sunlight with an
AM1.5 spectrum and only one photogenerated exciton per photon. Their fundamental
considerations are as follows:
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- the likelihood of absorption (which they assume to be 1)
- losses due to entropy: dark
- body radiation caused by the temperature of the solar cell

The principle of detailed balance is considered from radiative recombination of electrons
and holes, inverse absorption, and thermodynamic equilibrium as a consequence of a
driving force (intrinsic carrier concentration generated thermally)

- a ”matching impedance factor” (which is the FF)

The efficiency of particular energy conversion processes has expanded on these premises
and expressed them according to:
- loss of spectral information: There is no absorption of photons below the bandgap’s
cut-off energy:

ηabs = −JSC

e

E
>Eg

ph

Eph

(2.74)

- thermalization: relaxing of charge carriers inside bands to their band boundaries, bring-
ing them into thermal equilibrium with the crystal lattice

ηthermalization = Eg + 3kBT

Eph

(2.75)

One more reduction of ≈ 3kBT relates to the position of quasi-Fermi levels at the given
cell temperature T:
- conversion of electron-hole pair’s energy to chemical energy (eVOC < Eg):

ηthermodynamic = eVOC

Eg + 3kBT
(2.76)
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Figure 2.4: a, Illustration of losses within the SQ model as a function of the bandgap (always at
maximum power point) using for the solar spectrum a 5,800 K black-body spectrum normalized
to 100 mW cm−2. b, Energy losses for a given bandgap energy depicted as a function of
photon flux versus photon energy. By dividing the photon flux by the elementary charge q
and multiplying the energy with q, the axes can also be read as current density versus voltage.
The black curve denotes the current versus voltage curve, and the maximum output power is
obtained for a maximum area of the white rectangle (‘Power out’), likewise a minimum area for
the recombination and isothermal dissipation losses. c, Current–voltage curves of a solar cell
and the power losses occurring on relaxing the SQ assumptions 1 and 2 (combined), 4 and 5.
The maximum output power (illustrated by the rectangles) reduces stepwise from the SQ value
PSQ

max to the real value P real
max . The cell temperature Tcell is kept at the SQ value TSQ

cell such that
assumption 3 is still valid. Violations of assumptions 1–5 are kept at a level such that the real
device is still a useful solar cell. Reprinted with permission from [38]. Copyright 2019. Nature
Photonics.

Thus, the total efficiency is defined as the sum of the individual contributions:

η = ηabs ηthermalizationηthermodynamicFF (2.77)

Charge carrier mobility or even trapping, non-radiative recombination, and reflection of
light, e.g. from the glass cover, result in other losses. The most prominent concepts
to overcome the Shockley-Queisser limit are the use of concentrated sunlight, or carrier
multiplication, i.e. multiple exciton generation by one photon, tandem cells or photon
up/down conversion. The latter might be an intrinsic property of hybrid perovskites
which possess a photon recycling mechanism [39]. According to calculations by Brendel
et al., the theoretical efficiency limit for non-concentrated sunlight is around 43 %, and
even 85 % if concentrator optics are used [40]. Figure 2.4a shows the famous plot of the
SQ limit in black with the other contributions represented in the same color code as the



2.2. Perovskite Solar Cells 27

equivalent in the energy flow diagram presented in Figure2.4b.

The increasing temperatures also cause a decrease in PCE and is expressed by:

dVOC

dT
= VOC − Vg0

T
− γ

kB

e
(2.78)

where eVg0 = Eg0 is the band gap energy extrapolated to 0 K , and γ = 3 is a character-
istic material constant.

2.2.3 Architectures of Perovskite Solar cells

PSCs are made using solution-based fabrication and have the architecture as shown in
figure2.5, but the most efficient PSCs mainly use expensive raw materials like gold and
organic electron-blocking materials (ETMs) such as spiro-OMeTAD.

Figure 2.5: Architecture of perovskite solar cell including electrodes, electron or hole blocking
layer, perovskite layer, transport conducting layer and substrate
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PSCs consist of a transparent conductive oxide coated glass substrate, a hole-blocking
layer, a perovskite layer, an electron-blocking layer, and a back electrode material (metal
or carbon) (Figure2.5B). In mesoscopic PSCs produced as a result of DSSCs research, the
perovskite absorber sensitises a mesoporous oxide layer (e.g., meso − TiO2) that serves
as a scaffold [41,42].
In planar PSCs, the perovskite layer is inserted between a planar HBL, for example, com-
pact TiO2, SnO2, or C60 and its variants and a planar EBL, for example, spiro-OMeTAD,
PTAA, and PEDOT:PSS [43, 44]. Depending on the order in which the HBL and EBL
are deposited, the structure may be classified as formal (conventional) or inverted [45,46].
One should note that designing and fabricating inverted devices is not a straightforward
reversal of the formal device structure, and the two device architectures often need careful
construction of acceptable HBLs and EBLs, particularly in light of solvent constraints.
The perovskite is coated on a three-layer scaffold composed of a printing mesoporous TiO2

layer, a ZrO2 spacer layer, and a carbon electrode in triple mesoscopic PSCs [47,48]. Car-
bon electrodes are used as the metal back contacts in these devices, which do not need a
hole-conducting layer.

2.2.4 Efficiency Limitation

While Figure 2.6 demonstrated the significant efficiency potential of the bare perovskite
materials, the next step is to disentangle the variables restricting the FF and VOC losses
in the PSCs. To achieve this aim, the efficiency potential of the combination of different
perovskite/transport layers by using intensity-dependent QFLS measurements once again
was accessed. The J-V curve of the standard cell is shown in Figure 2.6 in compari-
son to the pseudo J-V curve of the intensity-dependent VOC . Additionally, the picture
depicts the pseudo J-V curves for the active layer and EBL junction, the optical p-i-n
architecture (glass/PTAA/PFN-Br/perovskite/C60), the bare film, the treated perovskite
film with oxides as determined by the QFLS(I) (providing a 95 % EQE). Finally, the
curve in the radiative limit (S-Q limitation) for different perovskite components. FFs and
open-circuit voltages are highlighted in Figure 2.6 b, and the area around the maximum
power point is zoomed in Figure 2.6 c and d to emphasise the dependent influence of the
limit of efficiency processes on the VOC and the FF [49].

The distinction between the J-V curve (PCE = 21.2 % with a 95 % EQE) and the pseudo
J-V curve from the VOC (I) measurement (pseudo PCE = 23.7 %) indicates the transport
losses in PSCs (blue colour in figure 2.6 c), the pseudo J-V curve from the VOC measure-
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ment is also same to the pseudo J-V curve from the p-i-n architecture (pseudo PCE =
23.5 %) obtained from the QFLS (I). This shows that non-radiative losses are minimally
caused by electrodes in devices; this fact is especially significant in light of the forma-
tion of the built-in electric field in PSCs, which I shall examine in further detail below.
Furthermore, the optical pseudo J-V curve of the p-i-n architecture is almost equivalent
to that of the perovskite/C60 film (pseudo PCE = 23.5 %). This demonstrates that
this interface is responsible for the majority of recombination loss in the device, which is
consistent with our earlier findings [50]. The extra loss of 67 mV owing to the C60 inter-
face may be determined by comparing the neat material’s pseudo J-V curve (pseudo PCE
= 24.8 %) to the perovskite/C60 film’s pseudo J-V curve (purple colour in figure 2.6 c) [49].

Finally, concerning the treated perovskite film with a PCE of 27.3 %, if one speculates
that trioctylphosphine oxide passives defects on the top surface only, as previously dis-
cussed, one can attribute the difference between the base and treated films to surface
recombination (red colour in figure (c)) [51]. Figure 2.6 b demonstrates that the pseudo
FF is approximately similar in the bare material, the perovskite/C60 film, and the p-i-
n architecture, but rises by approximately 2 % (to 88.7 %) upon passivation, bringing
the efficiency near to the radiative limit (orange colour in figure 2.6 c) for the specific
band-gap. It is also worth noting that the trioctylphosphine oxide-passivated 83–17 triple
cation film has a PLQY of up to 22.6 %, compared to 0.8 % for the unpassivated film.
One should note that this PLQY increase is comparable to earlier findings obtained by
layering trioctylphosphine oxide on top of MAPI, demonstrating that trioctylphosphine
oxide passivates identical surface defects in the case of (83–17) triple cation perovskite
and MAPI [52]. Additionally, this indicates that recombination in the perovskite bulk is
extremely low in comparison to surface recombination. Nonetheless, one should recog-
nise that trioctylphosphine oxide is not a successful passivation technique in full PSCs,
since it may generate an insulating barrier that also inhibits the efficient extraction of
majority carriers. As a result, similar passivation solutions should be sought that pro-
duce comparable luminescence yields without impairing charge transport and collecting
behaviour [49].

2.2.5 Long-term Operational Stability of Perovskite Solar Cells

Their high-power harvests and low-production costs have attracted serious industry at-
tention from established companies and have led to the founding of multiple start-up
companies. However, for commercial products, long-term stability is crucial. Thus, for
perovskites to succeed, an informed discussion on a detailed degradation study is required.
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Figure 2.6: a) Current-density versus voltage (J-V) curves of triple cation cells (black line) in
comparison to pseudo-JV (pJ-V) curves produced from intensity-dependent VOC(I) and QFLS
measurements on plain perovskite, perovskite/C60, optical pin-stack, and full device (solid lines).
b) The assumed forward and open-circuit voltages for each film. c,d) J-V curves deciphering
the loss mechanisms due to insufficient charge transport (difference between the J-V and pJ-V
curves from the intensity-dependent VOC); interfacial losses (difference between the pJ-V curve
of the neat material and the optical p-i-n architecture on glass); losses at the perovskite surface
(difference between the pJ-V curves of the neat and treated neat materials); and remaining
losses in the pass I note that an EQE of 95% was assumed for all J-V and pJ-V curves except
the Shockley–Queisser curve in order to focus on FF and VOC losses in this section. Notably, the
optical architecture of p-i-n pJ-V curve is virtually similar to the pJ-V curve from VOC(I), and
so is omitted from (c) and (d) for simplicity. figure 2.6 d also illustrates the inferred efficiency
at the maximum power point for each sample, allowing for the identification of efficiency losses
caused by the various recombination processes. Reprinted with permission from [49]. Copyright
2018. Wiley.
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Figure 2.7 shows that different architectures have different degradation behavior under op-
erational conditions. In addition, one puzzling observation in degrading high-performance
PSCs is the possible presence of “reversible losses” i.e., the efficiency improvement ob-
tained by remeasuring after a recovery process under dark environments as shown in
Figure 2.7 a. Figure 2.7 b displays the maximum power point tracking and the stabilized
PCE obtained after dark recovery for a typical p-i-n PSC using a state-of-the-art device.
Notably, the ageing behavior is symmetric to that of n-i-p PSCs. Under MPP tracking,
n-i-p PSCs lose part of their initial efficiency, while the performance of inverted PSCs
enhances. Similarly, after storage in the dark for several hours, the n-i-p solar cells re-
cover partially, while inverted PSCs lose efficiency (“reversible behaviors”). This example
highlights the significance of creating a new ageing standard that systematically incorpo-
rates reversible energy losses/gains under relevant solar cell operating settings, including
impacts of day and night cycle, even though the cause of this effect needs more in-depth
investigation [53].
To meet the increasing demand for renewable energy, new PV technologies must offer
long-term stability except for high power conversion efficiency (PCE). For instance, the
lifetime expectation for a PV module in a power plant is 20–25 years, to match the reliabil-
ity of silicon-wafer-based modules [54,55]. At present, the long-term operational stability
of emerging PV technologies such as organic photovoltaic (OPV) and halide perovskite
solar cells (PSCs) is not meeting this target. How to improve the long-term operational
stability of devices is stopped by the very limited understanding of the failure of module
modes. The existing qualification stability tests defined in the International Electrotech-
nical Commission (IEC) standards on terrestrial PV modules (such as IEC 61215) are
tailored for the silicon panels to screen for well-established degradation mechanisms at
the module level [56].

However, emerging PV have fundamentally distinct material properties and advanced
device architectures. Thus, these stability test protocols may not be applied to OPV
and PSCs. In fact, many studies have confirmed that the operational stability of these
devices cannot be fully evaluated by the procedures developed for the silicon panels,
which led to a few studies that tried to understand the degradation mechanisms in these
emerging PV systems. Unfortunately, the assessment and reporting procedures of these
studies are not standardized, which hindered data comparison. This further leads to a
failure of investigation for various degradation factors and mechanisms. Regarding such
disadvantages, a consensus statement for stability assessment and reporting for perovskite
photovoltaic based on the International Summit on Organic Photovoltaic Stability (ISOS)
procedures has been suggested [56].



32 Chapter 2. Theoretical Background

Figure 2.7: Initial Efficiency Losses and Dark Recovery/Losses. (A) Ageing planar and meso-
porous regular (or n-i-p) perovskite devices show significant efficiency recovery after resting in
the dark (“reversible loss”). The device is left at the open circuit in dark conditions. (B) Planar
inverted (or p-i-n) perovskite devices show an initial gain in efficiency and a loss after resting
in the dark (“reversible bonus”). The analysis of ageing data for inverted devices is novel and
a direct consequence of applying the insights gained for regular device architectures. Reprinted
with permission from [53]. Copyright 2018. Elsevier.



3 Device Fabrication

This chapter covers the sample preparation procedures, which are the basis for this the-
sis. The structure is structured as follows: the basic fabrication protocol for cleaning
substrates, the preparation of the hole blocking layer, the perovskite layer, and the elec-
tron blocking layer, the electrodes. The descriptions in this section are extracted from
the respective publications [57–62].

3.1 Substrate Cleaning

3.1.1 ITO or FTO Substrate

The patterned indium doped tin oxide (ITO from Lumtec, LT-G001) substrates (25 mm
× 25 mm) are immersed and washed in diluted Hellmanex® III (2:98 in DI water) solution
(Sigma-Aldrich, Z805939-1EA), deionized water, acetone (Carl Roth, 9372.5), isopropanol
(Carl Roth, CP41.3) and ethanol (Carl Roth, K928.4) in the ultra-sonication bath for 10
minutes each. Before use, the substrates are executed in an oxygen plasma (0.4 mbar,
168 W, 10 min).

3.2 Hole Blocking Layer

3.2.1 SnO2 Film

The tin (IV) oxide 15 % in H2O colloidal dispersion (Alfa Aesar, 44592) is diluted with
deionized water with a volume ratio of 1:4, and is shaken for 2 hours at room temperature.

Before spin-coating the diluted tin oxide solutions, the substrates are exposed to oxygen
plasma for 10 min with 168 W. The tin oxide solution is spin-coated at 3000 r.p.m. (1000
r.p.m./s) for 30 s, followed by annealing at 150 ℃ for 30 minutes.

33
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3.3 Perovskite Layer

3.3.1 Perovskite Component (MAPbBr3)0.13(FAPbI3)0.87

The MAFA perovskite solution is prepared by first mixing the powders methylammo-
nium bromide (22.4 mg, Greatcellsolar, MS301000), lead bromide (73.4 mg, Alfa Aesar,
A19406), formamidinium iodide (172 mg, Greatcellsolar, MS150000) and lead iodide (485
mg, Sigma-Aldrich, 554359-5G). Then, 640 µL DMF (Acros, 348435000) and 160 µL
DMSO (Acros, 348441000) are added to the mixed powders. The obtained mixture is
dissolved and stirred at 70 ℃ for 30 minutes, followed by stirring at room temperature
for 30 minutes. The solution is used up within 2 hours after preparation.

After the substrates cooled down, the substrates are transferred into a nitrogen-filled glove
box. The perovskite precursor is spin-coated on ITO/SnO2 substrates at 6000 r.p.m. (800
r.p.m./s) for 30 s, and rapidly adding 70 µL chlorobenzene into the center of substrates
under a vertical angle at 5 s before ending, followed by 40-60 minutes annealing at 100
℃.

3.3.2 Perovskite Component Cs0.1FA0.9PbI3

The Cs0.1FA0.9PbI3 perovskite solution was mixed by caesium iodide (31.2 mg, abcr
GmbH, AB207757), formamidinium iodide (192.6 mg), and PbI2 (576.3 mg) in 800 µL
DMF and 200 µL DMSO. The obtained solution was stirred at room temperature for 2
hours.
For the Cs0.1FA0.9PbI3 component, one should slowly add 120 µL chlorobenzene into the
center of substrates under a vertical angle at 15 s before ending, followed by 15 minutes
annealing at 150 ℃.

3.3.3 Perovskite Component p-f-PEAI Doped
(MAPbBr3)0.15(FAPbI3)0.85

A lead excess mixed perovskite precursor solution is prepared by dissolving FAI (1.0 M),
PbI2 (1.05 M), MABr (0.2 M), and PbBr2 (0.2 M) in a mixed solvent of anhydrous
DMF and DMSO (4:1, volume ratio). After stirring at 70 °C for 30 min, the perovskite
precursor stirs for an additional 30 min at room temperature. One should blend the
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perovskite power and p-f-PEAI powder to obtain the perovskite precursors with desired
p-f-PEAI concentration. The precursors are spin-coated in a nitrogen-filled glove box.

3.3.4 Two Step Perovskite Component Fabrication

599 mg PbI2 was stirred in a mixed DMF: DMSO (950 µL: 50 µL) solution at 70 oC
for 6 hours. Then, 0.1, 1, and 10 µL deionized water was added to the PbI2 solution.
After that, different PbI2 solutions were spin coated at 1500 rpm for 30 s on substrates.
Then, substrates were placed on the hot plate for a 30 s annealing at 70 oC. Next, a
mixed solution prepared by FAI:MAI:MACl (60 mg: 6 mg: 6 mg) power dissolved in 1
ml of 2-propanol spin coated on PbI2 films with a 1500 rpm with a 20 min storage in a
nitrogen-filled glove box before annealing. Then, obtained films were annealed at 150 oC
for 15 min under an air atmosphere (relative humidity with 30 – 40 %).

3.4 Electron Blocking Layer

The spiro-OMeTAD solution is mixed of spiro-OMeTAD (72.3 mg, Sigma-Aldrich, 902500),
1 mL chlorobenzene (Acros, 443001000), 17.5 µL Li-TFSI (520 mg/mL ,Sigma-Aldrich,
544094) in acetonitrile (Sigma-Aldrich, 2710004), and 28.8 µL 4-tert-butylpyridine (Sigma-
Aldrich, 142379).

When the substrates are cooled down, one should dynamically spin-coat spiro-OMeTAD
solution on ITO/SnO2/perovskite substrates at 4000 r.p.m for 20 s. Then, all the sub-
strates are stored in a dark-desiccator with silica gel (< 10 % relative humidity) for 24
hours to increase the conductivity of the spiro-OMeTAD layer.

3.5 Metal Electrodes

An 80 nm thick Au layer was evaporated on the spiro-OMeTAD layer with 2 nm (0.2 Å/s)
and 78 nm (1.2 Å/s) at a pressure of 10−5 bar.





4 Characterization Methods

In this section, the characterization methods are summarized in 4 parts: 1) spectroscopic
and electronic methods (UV-vis spectroscopy, X-ray photoelectron spectroscopy, photo-
luminescence spectroscopy, time-resolved photoluminescence spectroscopy, transient ab-
sorption spectroscopy, solar cells performance, external quantum efficiencies); 2) operando
grazing incidence small/wide angle X-ray scattering; 3) morphology characterization (scan-
ning electron microscopy); 4) theoretical simulation (density function theory and drift-
diffusion simulation). The descriptions in this section are extracted from the respective
publications [57–59].

4.1 Spectroscopic and Electronic Characterization

Two functions are served by spectroscopic and electronic characterisation methods: On
the one hand, fundamental material properties such as absorption behaviour aid in eval-
uating the quality of thin films and their potential for photovoltaic devices; on the other
hand, photovoltaic characterization, i.e. current-voltage sweeps under the simulated sun-
light, is critical for verifying the tested materials’ functionality in their aimed application
or identifying new research directions.

4.1.1 UV-vis Spectroscopy

UV-Vis spectroscopy could calculate the amount of light absorbed by materials by com-
paring the intensity of light passing through a sample to that passing through a reference
sample or blank. This method is applicable to many materials, including liquids, solids,
thin films, and glass.
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Measurements of UV–vis spectroscopy were carried out using a PerkinElmer Lambda
650S for this study [63]. Two lights are included in the instrument: A deuterium lamp
produces light in the ultraviolet (UV) spectrum beginning at 190 nm, while a tungsten-
halogen lamp produces light from the visible zone to the near-infrared zone up to 900
nm. The reflecting monochromator composes of a mirror for switching the required light
source at 319.3 nm. Monochromatic light is produced by the combination of a filter wheel
assembly, collimating mirrors, and a holographic grating with 1440 lines/mm. The ob-
tained signal has a resolution of 0.17 nm and an accuracy of 0.15 nm after passing through
a slit typically set to 2 nm width [64].

The sample and reference beams are separated by using a beam splitter (chopper running
at 46 Hz). The sample is placed for both the transmission geometry and the reflection
geometry of a 150 mm diameter integrating (Ulbricht) sphere whose white covering acts
as a diffuse reflector (Lambertian surface) and evenly distributes dispersed light from the
sample to all other places inside. An R955 photo-multiplier acts as a detector for the
difference between the reference beam coming from the side. An auto-zero (empty beam)
measurement is made before each series of measurements to calibrate the instrument in its
standard configuration. The measurements are fixed at a scanning rate of 266.75 nm/min,
and the observed intensity is compared to the empty beam measurement by using com-
mercial software [64].

4.1.2 X-ray Photoelectron Spectroscopy

The X-ray photoelectron spectroscopy characterization in this thesis collaborates with
Fujian Institute of Research on the Structure of Matter, Chinese Academy of Science.

Photoelectric effects on the surface of materials induced by X-ray could be used to analyse
the elements, relative chemical components and their chemical states. Such a technique
is developed for X-ray photoelectron spectroscopy (XPS). Also, it could be used to char-
acterize the electronic structure and the electronic state density in the materials. XPS
could efficiently identify both the elements present and related elements. Especially, this
technique combines with ion-beam etching, and this makes it possible for a line or a depth
profile for the material instead of a surface-sensitive feature. In most studies, this tech-
nique is used to study the chemical reactions for many situations when the samples are
cut, exposed to heat, sensitive gases or solution, ultraviolet radiation and so on [65].
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The chemical composition of films in this work was measured using XPS (Kratos Ultra)
with an Al K α radiation source 1486.6 eV, and all the binding energies were calibrated
by referencing the Fermi level and Au 4f peak position of the Ar ion sputter-clean gold foil.

4.1.3 Photoluminescence Spectroscopy

The photoluminescence spectroscopy characterization collaborates with the Department
of Chemistry, University of Munich (LMU).

Materials absorb photons with a higher energy level than electrons in materials, the ma-
terials could emit photons. Such a phenomenon is named photoluminescence. After
the electrons’ excitation process, more photons would be re-radiated due to different re-
laxation processes. The photons absorption and radiation processes could happen at a
femtoseconds (fs) level for many inorganic semiconductors. While such processes could
spend milliseconds (ms) due to the phosphorescence processes for molecules. Even in
some extreme situations, the relaxation processes could last for minutes or hours. The
steady-photoluminescence spectra are usually used to characterize the bandgap of mate-
rials [66].

In this thesis, photoluminescence spectroscopy was performed with a Picoquant Fluotime
300 spectrofluorometer, using an excitation wavelength of 370 nm.

4.1.4 Time-resolved Photoluminescence Spectroscopy

The time-resolved photoluminescence (TRPL) spectroscopy characterization collaborates
with the Department of Chemistry, University of Munich (LMU).

TRPL is usually used to investigate quick electrical deactivation processes which pro-
duce radiative photons for materials. The lifetime of molecules could locate at a few
picoseconds (ps) or nanoseconds (ns). The environments like solvent, temperature or
atmosphere could affect the lifetime of radiative photons. Förster Resonance Energy
Transfer, quenching, solvation dynamics, and molecule rotation could dominate the de-
cay kinetics. Hence, the changes in decay processes regarding both lifetime and kinetics
could reflect the surrounding atmosphere information or offer information for the re-
action kinetics [67]. For semiconductor materials like perovskite materials, TRPL with
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fluence-dependent measurements could offer the non-radiative recombination rates k1 and
radiative recombination k2.
In this thesis, TRPL spectroscopy was performed with a Picoquant Fluotime 300 spec-
trofluorometer, using an excitation wavelength of 370 nm.

4.1.5 Transient Absorption Spectroscopy

Transient absorption spectroscopy (TAS) characterization in this thesis collaborates with
Cavendish Laboratory, University of Cambridge.

Ultrafast TAS could observe the changes of absorbance/transmittance for samples with
the feature of non-linear spectroscopy. After the excitation of pulsed light, the absorbance
of samples decays as a function of time at specific wavelength ranges. For experiments, a
combination of the ’pump’ light and the ’probe’ light aimed to measure the absorbance of
materials produced by pulsed fs or ns lasers would have different values, which indicates
ground state bleaching. If the investigated processes are slow, a continuous probe light
or an accumulation for spectrophotometric procedures would be suggested to enhance
noise-to-signal ratios. In addition, TAS could also be measured as a function of time,
and this could also offer decay kinetics for materials. Compared with TRPL, TAS could
detect the dark states of materials, which can not be observed by TRPL [68].

The femtosecond 400 nm pump and white-light probe were used as the illumination source
for light soaking. The white light continuum generated by a non-collinear optical para-
metric amplifier consisted of a visible pulse light between 520 nm and 780 nm operated
at a 1 kHz repetition rate, with an average power of 400 µW. The white-light pulse
was equally divided into probe and reference, before being focused onto the sample to an
effective beam radius of 100 µm, corresponding to energy per pulse of 630 µJ·cm−2 for
each split beam and a carrier density of 1020 cm−3 at the perovskite film.

The sample film was loaded into a cube cell with spectroscopic windows on the front
and back in a glove box. Before the optical measurements, the cell was connected to a
vacuum pump (HiCube 80 Eco), being pumped overnight in the dark until the pressure
stabilized at 3.4 × 10−3 Pa. The vacuum pump was kept working continuously during the
measurement to ensure stable pressure. The visible broadband beam was generated in a
home-built non-collinear optical parametric amplifier and the white light was split into
two separate beams, one probe and one reference beam. The 400-nm pump beam was
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created by sending the 800-nm fundamental beam of the Solstice Ace through a second
harmonic generating beta barium borate crystal of 1 mm thickness (Eksma Optics). The
pump was blocked by a chopper wheel rotating at 500 Hz while a computer-operated
a mechanical delay stage to adjust the delay between the pump and the probe. The
transmitted probe and reference pulses were collected by a silicon dual-line array detec-
tor (Hamamatsu S8381-1024Q), which was driven and read out by a custom-built board
(Stresing Entwicklungsbüro).

4.1.6 Solar Cells Characterization

The current-voltage curves of solar cells could be characterized by changing a variable
resistor across the cell and measuring the voltage and current for the whole device. Al-
though this is relatively simple, it is time-intensive and wire resistance sensitive. Hence,
more complicated electronics are employed in practice. The most typical approach is to
employ a changeable voltage source like Keithley source meters that can also sink current.
To increase accuracy, ISC and VOC are frequently measured independently from the rest
of the curve (by setting the voltage and current to zero, separately). The I-V curve has a
steeply fluctuating slope, which poses extra issues. Hence, programming the voltage steps
of solar cells properly is critical to achieving reliable results [69].

The current density-voltage (J-V) data were recorded using a Keithley 2611B source meter
under the illumination of the solar simulator (class ABA, LOT-Quantum design GmbH)
with a light intensity of 100 mW cm−2, which was calibrated with a reference solar cell
(Fraunhofer ISE019-2015). The solar cells were measured with a scanning speed of 50
mVs−2 (voltage step of 10 mV and integration time of 100 ms). There were 6 (or 8) gold
top electrodes with a dimension of 2.5×10.0 mm (or 3.5×10.0 mm) for each substrate on
a substrate with a size of 25×25 mm. The active area was controlled by a metal shadow
mask (0.12 or 0.19 cm2) to avoid overestimation of the photocurrent.

4.1.7 External Quantum Efficiencies

The proportion between total change carriers gathered by the solar cells to the number
of total photons illuminated on the solar cells with certain energy is regarded as the ex-
ternal quantum efficiency (EQE). The EQE spectra are usually shown as a function of
wavelength or energy (see Figure 7.18). In solar cells, all photons from sunlight with en-
ergy above the bandgap of materials could be totally absorbed, and all produced charge
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carriers are collected, the EQE of solar cells would be one at the specific wavelength. For
photons from sunlight with energy lower than the bandgap of materials, the EQE of solar
cells at this wavelength would be zero [70].

The external quantum efficiencies (EQEs) were measured by Oriel® Quantum Efficiency
Measurement Kit from the Newport company. The light source spectrum response was
calibrated by the silicon detector. The measurements were performed using the Oriel In-
struments QEPVSI-b system with a Xenon arc lamp (Newport 300 W, 66902) chopped at
30 Hz and a monochromatic instrument (Newport Cornerstone 260). The EQE intensity
was measured and normalized in the wavelength range of 350 to 900 nm.

4.2 Operando Grazing Incidence Small/Wide Angle
X-ray Scattering

4.2.1 Conditions of the Synchrotron Radiation-based Operando
Grazing-incidence X-ray Scattering Methods

The operando grazing-incidence wide-angle X-ray scattering (GIWAXS) studies on the
MAFA PSCs were done via the ISOS-L-1I protocol (with continuous voltage-bias scan
and illumination) to unify the experimental assessment. ISOS-L-1I stands for the intrin-
sic photo-stability at room temperature (similar to ISOS-L-1 except that the atmosphere
is inert). The pressures were kept at 5 × 10−1 Pa for the vacuum condition and 1.01 ×
105 Pa for a pure nitrogen atmosphere, respectively. The entire operando measurement
chamber was stabilized at 25.0 ± 0.7 ℃ with a water-cooling system, which was monitored
by an infrared thermometer.

4.2.2 Operando GIXS Technology

The operando experiments were executed at beamline P03 at Deutsches Elektronen-
Synchrotron (DESY, Hamburg) during two separate beamtimes to ensure reproducibility.
The wavelength of the monochromatic X-ray beam was set to 11.65 keV and 11.70 keV
to avoid the absorption edge of lead (around 13 keV) and thus minimize X-ray radia-
tion damage. 2D GIWAXS data were collected at an incident angle of 0.4◦ with Pilatus
300K (Dectris Ltd., pixel size 172 µm) and LAMBDA 4.5M (X-Spectrum GmbH, pixel
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size 55 µm) detectors. 2D GISAXS data were collected at the same incident angle (0.4°)
with Pilatus 1M and Pilatus 300K detectors. The parameters of beam center and the
sample-to-detector distance (SDD) of GISAXS detector images were calibrated via fits
of the patterns of LaB6 powders using the DPDAK package. The parameters of beam
center and the sample-to-detector distance of GIWAXS detector images were calibrated
via fits of the patterns of CeO2 powders using the DPDAK package. The GISAXS detec-
tor images were further treated via the DPDAK package based on Python 2.7 [71]. The
reciprocal q-space GIWAXS scattering images, the line cuts and azimuthal integrations
of the scattering data were obtained with the GIXSGUI MATLAB plug-in [17]. To cali-
brate the intensity of different scattering images, one should normalize it to the ionization
energy of the incident X-ray beam for each frame.

4.3 Morphology Characterization

4.3.1 Scanning Electron Microscope

All SEM measurements in the present thesis are performed at Walter-Schottky-Institut/ZNN
of TU Munich.

The scanning electron microscope as one type of electron microscope can offer the surface
images of materials by scanning of focused stream of electrons on the sample surfaces.
Through the interaction between the electron beam and the atoms in samples, the surface
morphology and element composition of samples can be detected. For creating one image,
the SEM combines the beam location and the received signal intensity together by scan-
ning a raster scan pattern. Generally, atoms stimulated by the electron beam would emit
secondary electrons, which would be collected by a secondary electron detector, namely,
the Everhart–Thornley detector. The received number of secondary electrons determines
the signal intensity of samples, which is highly dependent on the morphology of samples.
In addition, some SEM could achieve resolutions better than 1 nm by optimizing various
factors such as the electron spot size, and interactions between the volume of the electron
beam and the sample [72].

In this work, the surface morphology was probed with a field-emission scanning electron
microscopy (SEM, Zeiss NVision 40) with an acceleration voltage of 5 kV at a working
distance of 3.5 mm, and an aperture size of the primary electron gun at around 10 µm.
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All data are collected with the software SmartSEM.

4.4 Theoretical Simulation

Density Function Theory

In the physics, chemistry, and materials science fields, density-functional theory (DFT)
is a computational quantum mechanical modelling method. DFT is widely used to ex-
amine the electronic structure (or nuclear structure), particularly the ground state, of
many-body systems, primarily atoms, molecules, and condensed phases. According to
this theory, functionals may determine the properties of a many-electron system. Thus,
the many-body systems could be explained by functions or functions of another function.
Spatially dependent electron density dominates the functionals of the DFT [73].

Computational Methods. The Gibbs free energy of the mixed cation and mixed halide
hybrid perovskite (MAPbBr3)x (FAPbI3)1−x was evaluated via

∆G(x) = ∆U(x) − T∆S(x) + P∆V (4.1)

where the ∆U(x) and ∆S(x) are mixing energy and entropy of alloys. T, P and ∆ V
are the temperature, pressure and the change in the volume of the system. The mixing
energy ∆ U(x) is defined as:

∆U(x) = Ux − (1 − x)UF AP bI3 − xUMAP bBr3 (4.2)

where Ux, UF AP bI3 and UMAP bBrs are the calculated DFT total energies per formula unit of
(MAPbBr)3)2 (FAPbI3)1−π and the pure FAPbI3 and MAPbBr3, respectively. The mixing
entropy was

∆S(x) = −kB[x ln x+ (1 − x) ln(1 − x)] (4.3)

in which kB is the Boltzmann constant. Without the P ∆ V term, the expression of free
energy is

∆F (x) = ∆U(x) − T∆S(x) (4.4)
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where ∆U(x) and ∆ S(x) follow from the Equations (9) and (10). The free energy upon
illumination was estimated following the method mentioned in literature [74, 75]. We
assumed that when (MAPbBr3)x (FAPbI3)1−x was under illumination, pairs of photo-
generated charge carriers were generated uniformly in the material at a density (per
formula unit) n, then the free energy becomes

∆U∗
x = ∆Ux + nEg(x) | (4.5)

for the unmixed state (1−x)FAPbI3 +xMAPbBr3 , it was assumed that all charge carriers
funnel into the FAPbI3, so the total energy of photoexcited FAPbI3 becomes

∆U∗
PA

= ∆UFA
+ n

1
1 − x

EF A
g (4.6)

using Egs. (10) and (11) in Eq. (7), with Uz and UF A substituted by U∗
x and U∗

F A. We
obtained

∆U∗(x) = ∆U(x) + n
(
Eg(x) − EF A

g

)
(4.7)

The free energy of mixing of (MAPbBr3)P (FAPbI3)1−π under the photo illumination
becomes

∆F ∗(x) = ∆F (x) + n
(
Eg(x) − EF A

g

)
(4.8)

The slope of ∆Fmix referred to the phase stability of materials:

∆Fepp = σ2∆Fmix

σx2 (4.9)

which indicated that mixed phases maintained stable when the curvature was convex
(0 < x < 0.2 in this case), while mixed phases started to separate when the curvature
was concave (0.2 < x < 1 in this case).

The DFT calculations were performed using the Vienna Ab initio Simulation Package
(VASP). A revised Perdew-Burke-Ernzerhof generalized gradient approximation func-
tional was used for the exchange-correlation functional. The supercell method was em-
ployed for the simulation of the alloy (MAPbBr3)x (FAPbI3)1−x (x = 0.2, 0.3, 0.5, 0.8).
Accordingly, 1×5×1, 2×2×1, 2×5×1 supercells were constructed for x = 0.2(0.8), 0.5, 0.7.
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Drift-diffusion Simulation

The gradient difference of charge carriers (holes or electrons) in semiconductor materials
under external stimuli like light, heat or electricity could produce the current to flow
through a semiconductor. This process is named diffusion. By contrast, the drift cur-
rent is caused by the migration of charge carriers as a result of the force placed on them
by an electric field. Diffusion currents may flow in the same direction as or opposite
to drift currents. Thus, for simulating the operational conditions of semiconductors, one
has to consider both the drift and diffusion of charge carriers for a reliable simulation [76].

The drift–diffusion equation describes the diffusion and drift currents in combination as
below:
Poisson Equation:

∂

∂x

(
ε(x)∂ψ

∂x

)
= − q

ε0
·
[
−n+ p−N−

A +N+
D + 1

q
ρdef (n, p)

]
(4.10)

Continuity:

−∂jn

∂x
+G− Un(n, p) = ∂n

∂t
(4.11)

−∂jp

∂x
+G− Up(n, p) = ∂p

∂t
(4.12)

Constitutive relations:

jn = −µn

q

∂EF n

∂x
(4.13)

jp = −µp

q

∂EF p

∂x
(4.14)

In these equations: n and p indicates free carrier concentrations; ρdef (n, p) indicates de-
fect distributions; N−

A and N+
D indicates charged dopants; jn and jp indicates the electron

and hole current densities; U(n, p) indicates the net recombination rates; G indicates the
generation rate; µn and µp indicate the mobility of charge carriers; EF n,F p indicates the
quasi-Fermi level of materials.

In this work, I use SCAPS-1D (a Solar Cell Capacitance Simulator) to build the device
model as an n-i-p structure of PSCs [77]. Detailed parameters are illustrated in Tables
4.1 to 4.8 and extracted from the literature [59].
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Table 4.1: ITO parameters
Description Parameters

Electron mobility in ITO (cm2/(Vs)) 107

Hole mobility in ITO (cm2/(Vs)) 105

Metal work function (eV) 4.7
Relative to Ef(eV) 0.4

Relative to Ey or Ecs(eV) 0.4596

Table 4.2: SnO2 parameters
Description Parameters

Thickness (nm) 20
Bandgap (eV) 3.7

Electron affinity (eV) 4.3
Dielectric permittivity ( relative ) 10

CB effective density of state (1/cm3) 1018

VB effective density of state (1/cm3) 1020

Electron thermal velocity (cm/s) 107

Hole thermal velocity (cm/s) 107

Electron mobility (cm2/(Vs)) 230
Hole mobility (cm2/Vs)) 21
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Table 4.3: Perovskite parameters
Description Parameters

Thickness (nm) 600
Bandgap (eV) 1.6

Electron affinity (eV) 3.9
Dielectric permittivity (relative) 23

CB effective density of state (1/cm3) 7.79 × 1018

VB effective density of state (1/cm3) 2.37 × 1020

Electron thermal velocity (cms) 107

Hole thermal velocity (cm/s) 107

Electron mobility (cm2/(Vs)) 22
Hole mobility (cm2/(Vs)) 22
Effective mass of electrons 0.1

Effective mass of holes 0.21
Radiative recombination coefficient (cm3/s) 3.16 × 10−12

Table 4.4: Spiro-OMeTAD parameters
Description Parameters

Thickness (nm) 200
Bandgap (eV) 3.1

Electron affinity (eV) 2.1
Dielectric permittivity ( relative ) 4

CB effective density of state (1/cm3) 2.5 × 1018

VB effective density of state (1/cm3) 1.8 × 1019

Electron thermal velocity
(
cms) 107

Hole thermal velocity (cm/s) 107

Electron mobility (cm2/(Vs)) 0.02
Hole mobility (cm2/(Vs)) 0.02

Table 4.5: Gold parameters
Description Parameters

Electron mobility in ITO 105

Hole mobility in ITO 107

Metal work function (eV) 5.6
Relative to Ef -0.4

Relative to Ev or Eg -0.4749
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Table 4.6: Perovskite/SnO2 interface parameters
Description Parameters

Capture cross section electrons (cm2) 10−19

Capture cross section holes (cm2) 10−17

Total density (integrated over all energies) 1011

(1/cm2)

Table 4.7: Perovskite/Spiro-OMeTAD interface parameters
Description Parameters

Capture cross section electrons (cm2) 10−17

Capture cross section holes (cm2) 10−19

Total density (integrated over all energies) 1011

(1/cm2)

Table 4.8: PbI2 parameters
Description Parameters

Thickness (nm) 2
Bandgap (eV) 2.2

Electron affinity (eV) 3.4
Dielectric permittivity ( relative ) 4

CB effective density of state (1/cm3) 2.5 × 1018

VB effective density of state (1/cm3) 1.8 × 1019

Electron thermal velocity (cm / s) 107

Hole thermal velocity (cm/ s) 107

Electron mobility (cm2/(Vs)) 0.02
Hole mobility (cm2/(Vs)) 0.02





5 Bulk Passivation for Perovskite Solar
Cells

This chapter is extracted from the published article: Tailoring the orientation of perovskite
crystals via adding two-dimensional polymorphs for perovskite solar cells (Guo, Ren-
jun, et al., Journal of Physics: Energy 2.3 (2020): 034005, DOI: https://doi.org/10.108
8/2515-7655/ab90d0). Reproduced from reference [57] with permission from IOP Pub-
lishing Ltd, copyright 2020.

Organic-inorganic perovskite materials are attracting increasing attention for their use in
high-performance solar cells due to their outstanding properties, such as long diffusion
lengths, low recombination rate and tunable bandgap. Finding an effective method of
defect passivation is thought to be a promising route for improvements towards narrow-
ing the distribution of the power conversion efficiency (PCE) values, given by the spread
in the PCE over different devices fabricated under identical conditions, for easier com-
mercialization. In this work, I add 2-(4-fluorophenyl)ethyl ammonium iodide (p-f-PEAI)
into the bulk of mixed cation lead halide perovskite thin film. I investigate the influence
of different p-f-PEAI concentrations on the optical properties, morphology, crystal orien-
tation, charge carrier dynamics and device performance. I observe that introducing the
proper amount of p-f-PEAI changes the preferential orientation of the perovskite crystals,
promotes the strength of crystal textures, and suppresses non-radiative charge recombina-
tion. Thus, I obtain a narrower distribution of the PCE of perovskite solar cells without
sacrificing reached PCE values. This is an important step toward better reproducibility
on the way towards the commercialization of perovskite solar cells.

5.1 Background

Today, organic-inorganic halide perovskites have become one of the most attractive photo-
voltaic materials due to their excellent optoelectronic properties and low-temperature fab-
rication processability [78–81]. The power conversion efficiency (PCE) of single-junction

51
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perovskite solar cells (PSCs) started at 3.8 % in 2009 and reached certified 25.2 % in
2019 [31, 82]. Although this tremendous progress has been achieved, the spread of the
PCE over different devices fabricated under identical conditions is limiting the potential
commercialization of this type of emerging solar cell.

Previous studies suggested that the distribution of the PCE of solar cells is related to
the recombination process in the bulk, at the grain boundaries and the interfaces of the
light-harvesting layer [83]. Due to having commonly polycrystalline perovskite films, these
films contain substantial structural disorders, such as grain boundary defects and crystal-
lographic defects [84]. From the literature, theoretical studies indicate that trap-assisted
defects dominate the distribution of the PCE over different devices under identical con-
ditions, whereas several experiments show that suppressing defects in perovskite films
is essential for enhancing the performance of PSCs [85, 86]. Mixed cation lead halide
perovskites such as (MAPbBr3)0.13(FAPbI3)0.87 enabled PSCs with high efficiency and
notable stability, which both will be needed in real-world devices [87]. Thus, in the present
work, I focus on mixed cation lead halide perovskite (MAPbBr3)0.13(FAPbI3)0.87.

Among the routes to increase the distribution of the PCE of PSCs, the method of using
two-dimensional polymorphs for passivating 3D perovskite films appears very promising.
Phenylethyl ammonium iodide (PEAI) became one of the most important materials to
improve the PCE of PSCs [88,89]. From density function theory based calculations Zhou
et al. speculated that 2-(4-fluorophenyl)ethyl ammonium iodide (p-f-PEAI) was passi-
vating defects and thereby increasing the device performance [90]. Encouraged by this
work, I introduce p-f-PEAI into the bulk of (MAPbBr3)0.13(FAPbI3)0.87 perovskite films
to enhance the distribution of the PCE while maintaining the performance of PSCs in
terms of maximum PCE at the same time. When p-f-PEAI reacts with PbI2 or PbBr2,
it forms (p− f − PEAI)2Pb(IxBr1−x)4 which is called a 2D perovskite.

In contrast, our original component (MAPbBr3)0.13(FAPbI3)0.87 is a 3D perovskite. I
tune the p-f-PEAI-to-MA/FA mixing ratio by substituting different amounts of MA/FA
(fixed at a molar ratio of 0.15:0.85 in the initial solution) with p-f-PEAI cations. I
use grazing-incidence wide-angle X-ray scattering (GIWAXS) to analyze the orientation
changes of doped perovskite crystals caused by adding different amounts of p-f-PEAI [30].
Moreover, I use time-resolved photoluminescence (PL) to investigate the charge carrier
dynamics in mixed cation lead halide films with different concentrations of p-f-PEAI [91].
The results show that 3D perovskites doped with p-f-PEAI exhibit not only a stronger
preferential orientation of the perovskite structure but also show an improved distribution



5.2. Light Absorption and Photoluminescence Spectra 53

of the PCE in devices. In the present study, I achieved a champion device efficiency of
18.4 % alongside a substantially improved distribution of the PCE.

5.2 Light Absorption and Photoluminescence Spectra

Figure 5.1 (a) shows the UV-vis spectra of the perovskite films coated on ITO glasses for
different doping concentrations including the reference sample (x= 0.00). The concen-
tration x= 0.02 results in improved absorption as compared with the reference. Further
increasing the amount of the p-f-PEAI increases the absorption for the probed wavelength
range [92]. At a concentration of x= 0.08, an absorption peak occurs at around 540 nm
due to the formation of the (p − f − PEAI)2Pb(I0.85Br0.15)4 phase. The PL spectra
of doped p-f-PEAI films show a redshift of the emission peak wavelength. Compared
with the reference sample, it shifts from 760 nm (x= 0.00) to 785 nm (x= 0.08). It is
well-known that redshift to 840 nm is beneficial for the light-harvesting of perovskite
solar cells under AM 1.5G conditions due to the increasing absorption of sunlight [93].
The formation of the (p − f − PEAI)2Pb(I0.85Br0.15)4 phase causes an extended tail-
absorption in near ultra-violet spectrum. However, I do not observe a second PL peak in
the steady-state PL spectra corresponding to the peak located at around 540 nm in the
absorption spectrum of the sample with the concentration of x= 0.08. The absence of
this peak in the PL data could result from strong non-radiative recombination centers in
the (p−f−PEAI)2Pb(I0.85Br0.15)4 phase so that the hole-electron pairs are recombining
immediately after formation.

Figure 5.1: Figure.1 (a) UV-Vis spectra and (b) Photoluminescence (PL) spectra of p-f-PEAI
doped mixed cation lead halide perovskite (MAPbBr3)0.13(FAPbI3)0.87 films with concen-
trations x=0.00 (black), 0.02 (red), 0.04 (blue), and 0.08 (green). Reprinted with permission
from [57]. Copyright 2019, IOP Publishing.



54 Chapter 5. Bulk Passivation for Perovskite Solar Cells

5.3 Surface Morphology

To evaluate the effect of our passivation strategy on the morphology of the perovskite
films, I perform scanning electron microscopy (SEM) measurements. Figure 5.2 illus-
trates the changes in the surface structures for the different p-f-PEAI concentrations.
With increasing the amount of p-f-PEAI, the size of the perovskite crystals decreases,
and the size distribution narrows. At a concentration x=0.08, the distribution of crystal
sizes is narrowest showing that adding p-f-PEAI is beneficial for homogenizing the crys-
tal sizes. The real grain structure shows a dense, pinhole-free morphology in term of all
films. The statistical grain size distribution is shown in Figure 5.3.

Figure 5.2: SEM images showing surface structures of post-annealed films with different p-f-
PEAI concentrations as indicated, grown on ITO substrates. Reprinted with permission from [57].
Copyright 2019, IOP Publishing.

5.4 Structure Analysis

To investigate the structural changes in the different perovskite films and to confirm
the formation of (p − f − PEAI)2Pb(I0.85Br0.15)4 phases with increasing the amount
of p-f-PEAI, I characterize the perovskite films with grazing-incidence wide-angle X-ray
scattering (GIWAXS). Figure 5.4 (a)-(d) shows reshape and corrected 2D GIWAXS data.
For further analysis, an azimuthal integration of the 2D GIWAXS data is done. The
resulting data are shown in Figure 5.4 (e). At a concentration of x= 0.08, the formed
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Figure 5.3: Grain size of post-annealed films with different p-f-PEAI concentrations (a) x= 0.00,
(b) x= 0.02, (c) x= 0.04, (d) x= 0.08 determined from the SEM images. Reprinted with
permission from [57]. Copyright 2019, IOP Publishing.

(p− f − PEAI)2Pb(I0.85Br0.15)4 phase is still visible at q= 0.3 nm−1.

In contrast, at lower concentrations, the scattering data do not show Bragg peaks of the
2D perovskite. As seen in the tube cuts of the (001) perovskite, Bragg peak from the
2D GIWAXS data and the corresponding Gaussian fit (Figure 5.4(f)), an extremely small
amount of p-f-PEAI can already result in a new face-on texture formation for the cubic
phase of perovskite films as seen in the (001) Bragg peaks. Thus, parts of the crystals
have (001) crystal planes oriented parallel to the substrate, while the original edge-on
texture component still persists. Therefore, the addition of p-f-PEAI can change the pref-
erential orientation of perovskite crystals inside the film but still maintains the original
texture. With the increasing amount of p-f-PEAI, the preferential textures of the (001)
Bragg peaks of the perovskite films do not change anymore, while the strength of both,
edge-on and face-on preferential orientation increases.

The XRD data confirms the consumption of excess PbI2 due to the addition of p-f PEAI as
well as the formation of the 2D perovskite phase with the increasing amount of p-f-PEAI
(Figure 5.4(g)). Compared with the undoped perovskite film, the intensity of the PbI2

(001) peak (located at 2θ = 12.6o) decreases strongly with increasing the amount of p-f
PEAI. For the perovskite film with x= 0.02 and x= 0.04 the PbI2 phase is still existing.
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For the films with a ratio of x= 0.04 and 0.08, scattering peaks of the 2D perovskite phase
(number sign) and two related uncertain intermediate phases (sigma and delta) are found
in the literature. Figure 5.4 (h) shows the crystal orientation modification by adding
p-f-PEAI. In contrast to the rather random edge-on orientation distribution for x= 0.00,
the crystal tends to preferentially align in the plane when p-f-PEAI is added. I note that
sketched unit cells in Figure 5.4(h) just schematically depict the crystal orientation rather
than the true crystal grain sizes.

5.5 Charge Carrier Dynamics

An understanding of what governs charge-carrier recombination is highly crucial as re-
combination competes with an efficient charge collection in solar cells. In order to study
the charge carrier dynamics of different p-f-PEAI concentrations used for doping the per-
ovskite films, I perform TRPL measurements for perovskite films on glass substrates. The
results are shown in Figure 5.5.

Figure 5.5: Time-resolved PL probed at 763, 773, 787, 777 nm for perovskite films with p-f-
PEAI concentrations of x= 0.00 (black), 0.02 (red), 0.04 (blue), 0.08 (green), respectively and
corresponding fits based on a two-phase exponential decay (lines). Reprinted with permission
from [57]. Copyright 2019, IOP Publishing.
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Figure 5.4: 2D GIWAXS data of the perovskite films with different p-f-PEAI concentrations
of x = 0.00 (a), 0.02 (b), 0.04 (c), 0.08 (d). (e) Azimuthal integrals from the 2D GIWAXS
data for different p-f-PEAI concentrations x. Characteristic Bragg peaks of the 3D-perovskite
(star), PbI2 (alpha) and of (p − f − PEAI)2Pb(I0.85Br0.15)4 (number sign) are highlighted.
(f) Tube cuts of the (001) perovskite Bragg peak from the 2D GIWAXS data (symbols) and
corresponding fits with Gaussian functions (solid line) for different p-f-PEAI concentrations x.
Blue columns mark detector gaps and the grey column is the missing wedge. (g) XRD data of
the perovskite films with different p-f-PEAI concentrations. Characteristic Bragg peaks of the
(p− f −PEAI)2Pb(I0.85Br0.15)4 (number sign), intermediate phases (sigma and delta), PbI2

(alpha), 3D perovskite (star) and ITO (beta) are highlighted. (h) Schematic diagram depicting
the orientation of the perovskite phase in the reference film (x = 0.00) and in the films with
added p-f-PEAI. Reprinted with permission from [57]. Copyright 2019, IOP Publishing.
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In general, there are three underlying recombination mechanisms in perovskite materials,
which are radiative recombination, Shockley-Read-Hall recombination, Auger recombina-
tion and surface recombination [94]. A range of different recombination mechanisms is
expressed via

dn

dt
= −k1n− k2n

2 − k3n
3 (5.1)

where n is the charge-carrier density, k1 is typically related to monomolecular recombi-
nation, k2 is related to bimolecular recombination, and k3 is the Auger recombination
constant [95, 96]. I use a two-phase exponential decay function with a time offset (t0 is
fixed at the highest intensity point, y0 is the offset of data) which has been used before
for previous publications to fit time-resolved PL data [97].

y = y0 + A1e
−(t−t0)

τ1 + A2e
−(t−t0)

τ2 (5.2)

The results are summarized in Table 5.1. I attribute the recombination mechanism of the
fast decay component (τ1) to a fast energy transport (such as a charge carrier quench),
while the slower decay component could be related to radiative recombination (τ2) [98,99].
Comparing the pristine perovskite film with the p-f-PEAI doped perovskite film, I can
deduce from an increased τ1 that p-f-PEAI could decrease the charge carrier quenching
effect significantly. A quench-reduced bulk layer can contribute to more photocurrent in
the potential device. However, as a side effect, the insulating nature of p-f-PEAI and the
p-f-PEAI related perovskite phases increase the number of non-radiative recombination
centers in the perovskite layer, as seen from a decreased value of τ2. Thus, I observe a
trade-off process with adding different concentrations of p-f-PEAI into the perovskite so-
lution. In the overall weighting metric, the x= 0.02 sample exhibits apparently improved
carrier dynamics, which is in good agreement with the corresponding device performance
as seen in Figure 5.6(f).

5.6 Performance

To probe the impact of different p-f-PEAI concentrations on the performance of PSCs, I
fabricate devices with a functional stack as ITO/SnO2/perovskite/Spiro-OMeTAD/Au.
Figure 5.6 (a)-(d) illustrates an enhancement of the distribution of the PCE for PSCs after
adding p-f-PEAI with the concentration of x= 0.02. The improvement results mainly from
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Table 5.1: Parameters from fits to the time resolved PL data of doped perovskite films using a
two-phase exponential decay (equation 5.2).

Sample A1(%) τ1(ns) A2(%) τ2

x=0 24 11.6 ± 0.6 76 503.5 ± 6.4
x=0.02 24.5 40.9 ± 1.4 75.5 408.0 ± 5.3
x=0.04 41.6 53.6 ± 0.6 59.4 391.6 ± 3.7
x=0.08 54.6 41.7 ± 0.4 45.4 301.9 ± 3.0

a short-circuit current increases due to the suppression of the carrier quenching effect, and
from a narrowing of the distribution of short-circuit current. Simultaneously, the open-
circuit voltage and the fill factor are improved slightly. Due to these reasons, the maximum
PCE of 18.4% is achieved for the device with x= 0.02 which has JSC = 22.25 mA/cm2,
VOC = 1.12 V, and FF = 74 %. At concentrations of x=0.04 and 0.08, the formation
of insulating 2D perovskite phases and related intermediate phases in the PSCs could
harm the charge carrier separation process due to their high binding energy compared
to pristine 3D perovskite [99]. I minimized the hysteresis behavior of our reference and
doped PSCs by using SnO2 as the electron transport layer (Figure 5.6 (e)). Figure 5.6
(f) illustrates how the J-V curves of the respective champion devices for the different
p-f-PEAI concentrations change. Figure 5.6 (g) shows the dark J-V curves of PSCs with
different concentrations of p-f-PEAI doping and Table 5.2 provides the device parameters
of the solar cells.

Table 5.2: Device parameters of PSCs with different concentrations of p-f-PEAI doping.
Sample VOC JSC Fill Factor PCE
x= 0.00 1.10 ± 0.01 21.1 ± 1.9 70.1 ± 2.8 16.5 ± 1.5
x= 0.02 1.11 ± 0.01 22.0 ± 0.4 72.4 ± 1.3 17.7 ± 0.6
x= 0.04 1.13 ± 0.01 22.4 ± 0.5 58.5 ± 1.1 14.8 ± 0.3
x= 0.08 0.92 ± 0.16 15.8 ± 0.6 40.0 ± 2.2 5.8 ± 1.0

With the above observations, I show that the surface morphology of perovskite films can
be modified by adding p-f-PEAI. In addition, a small amount of p-f-PEAI doping can
not only slightly improve the light absorption of the perovskite film in terms of the AM
1.5G spectrum, but also can dramatically change the preferred crystal orientation while
maintaining the original crystal texture. Moreover, the addition of p-f-PEAI can enhance
the texture strength. However, with an increasing amount of p-f-PEAI, the preferential
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Figure 5.6: (a)-(d) Solar cell parameters from the J-V characterization (a) PCE, (b) Jsc, (c) Voc
and FF (d) of PSCs fabricated with different p-f-PEAI concentrations. (e) Hysteresis behavior
of PSCs with different concentrations of p-f-PEAI doping (x= 0.00 and 0.02). (f) J-V curves
of champion devices and (g) dark J-V curves with different concentrations of p-f-PEAI doping
(x= 0.00, 0.02, 0.04, and 0.08). Reprinted with permission from [57]. Copyright 2019, IOP
Publishing.
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texture seen in the (001) Bragg peak of perovskite films does not change anymore, while
the strength of both, edge-on and face-on preferential orientation increases. Hence, I
deduce that the forming of new textures is not the main reason for improving the elec-
trical properties. Recently, Zheng et al. proposed that the promotion of a (100) texture
strength occurred, restricting the grains’ tilt during growth and eventually resulting in a
(100)-orientation-dominant film that is of lower defect density than a randomly oriented
film [100].

An excess of PbI2 can enhance the electronic quality of the perovskite film [101,102]. Thus,
charge carrier quenching of the perovskite film is suppressed at a concentration x=0.02 due
to the passivation effect of doping with p-f-PEAI and PbI2. The observed improvements
regarding light absorption and the carrier quenching is passivated when I continue to in-
crease the ratio of p-f-PEAI to x= 0.04 and x= 0.08, but (p−f −PEAI)2Pb(I0.85Br0.15)4

crystals form, as seen in the XRD data (at 5o in Figure 5.4 (g)). At the p-f-PEAI concen-
trations of x= 0.04 and x= 0.08 in the perovskite films, the (p−f−PEAI)2Pb(I0.85Br0.15)4

and relative intermediate phases crystals coexist. The insulating nature of the p-f-PEAI
related perovskite phases could be a barrier to the charge separation process in a real
device. Thus, the performance of real devices for x= 0.04 and x= 0.08 decreases. In
addition, non-radiative recombination increases with increasing the amount of p-f-PEAI
and p-f-PEAI related phases. Therefore, the best performance of the device with x=0.02
seems to be a result of the interplay between p-f-PEAI-induced passivation of deep traps,
stronger textures, and the presence of excess PbI2.

5.7 Summary

To conclude, I have revealed that, by adding different concentrations of p-f-PEAI, a new
face-on texture of the cubic phase of the perovskite films forms, while the texture strength
also is enhanced. TRPL measurements indicate that there is a trade-off process for the
p-f-PEAI doping of the perovskite materials regarding the charge carrier dynamics. I
speculate that the change of morphology and texture strength, due to the doping with
p-f PEAI, seems to suppress the charge carrier quenching effect and be beneficial for
charge extraction. Furthermore, by well regulating the p-f-PEAI content, I improve the
distribution of the PCE of PSCs without sacrificing the achievable PCE. Therefore, the
promotion of texture strength could affect the charge carrier dynamics of perovskite films.
Equally importantly, I have shown an important step towards the production of PSCs,
which have both, a high and reproducible PCE at the same time. Such developments
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are necessary on the way to real-world outdoor applications. I believe that this will have
an impact on the continuing developments in perovskite-related optoelectronic devices,
and pave the road to further understanding structure-dependent material properties and
developing theoretical models.



6 Atmosphere Affecting Degradation
Mechanisms of Perovskite Solar Cells

This chapter is extracted from the published article: Degradation mechanisms of per-
ovskite solar cells under vacuum and one atmosphere of nitrogen (Guo, Renjun, et al.,
Nature Energy 6.10 (2021): 977-986., DOI: https://doi.org/10.14459/2021mp1620140).
Reproduced from reference [59] with permission from Springer Nature Limited, copyright
2021.

Extensive studies have focused on improving the operational stability of perovskite so-
lar cells, but few have surveyed the fundamental degradation mechanisms. One aspect
overlooked in earlier works is the effect of the atmosphere on device performance dur-
ing operation. Here I investigate the degradation mechanisms of perovskite solar cells
operated under vacuum and a nitrogen atmosphere using synchrotron radiation-based
operando grazing-incidence X-ray scattering methods. Unlike the observations described
in previous reports, I find that light-induced phase segregation, lattice shrinkage and mor-
phology deformation occur under vacuum. Under nitrogen, only lattice shrinkage appears
during the operation of solar cells, resulting in better device stability. The different be-
haviour under nitrogen is attributed to a larger energy barrier for lattice distortion and
phase segregation. Finally, I find that the migration of excessive PbI2 to the interface
between the perovskite and the hole transport layer degrades the performance of devices
under vacuum or nitrogen.

6.1 Background

Solution-processed hybrid halide perovskite materials have attracted strong interest for
next-generation thin-film photovoltaic applications due to their high power conversion
efficiency (PCE) and low fabrication costs compared to silicon photovoltaics [103]. More-
over, the possibility of fabrication on flexible substrates opens up promising manufacturing
routes and novel application fields are explored, such as light-weight photovoltaic devices

63
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for space applications [62]. With solvent engineering, compositional tuning and optoelec-
tronic fine-tuning [86, 104, 105], the highest PCE of perovskite solar cells (PSCs) have
reached 25.5 %, which is challenging the highest PCE of monocrystalline silicon solar
cells [82]. Although there is such a rapid increase in PCE, challenges remain. More
research effort is required to increase the stability of the materials and the longevity of
the devices as long-term operational stability remains the main challenge for real-world
applications of solution-processed hybrid halide perovskite materials.

Light-induced phase segregation within the perovskite absorber is known to limit the
actual long-term operational performance of PSCs. Mahesh et al. revealed that an
open-circuit voltage penalty arises from halide segregation [106]. According to Slotcav-
age and co-workers, phase segregation could be caused by lattice strain, halide migration
and crystalline reorganization [107]. In addition, a number of studies indicated that
light-induced lattice dynamics had relevance for the structure and consequently the long-
term stability of PSCs. Meanwhile, previous studies showed opposing opinions because
not all such lattice distortion phenomena were confirmed under operational conditions.
For example, Li et al. showed that mixed cations lead iodide PSCs experienced lat-
tice distortion after a long-term light exposure test in nitrogen [74]. Kim et al. re-
ported that photo-induced lattice symmetry (65mW/cm−2) for mixed hybrid perovskites
(FA0.79MA0.16Cs0.05Pb(I0.83Br0.17)3) could suppress the recombination of charge carri-
ers [108]. Tsai et al. observed that light-induced lattice expansion relaxed lattice strain
and decreased energetic barriers at the interfaces in vacuum, thus improving the PCE
of solar cells compared with the initial performance [109]. However, Rolstion and co-
workers debated that the lattice expansion for mixed cation lead iodide perovskite was
not light-induced but instead heat-induced thermal expansion of lattice under illumina-
tion in the nitrogen atmosphere [110]. In contrast, Liu et al. revealed that CH3NH3PbI3

(MAPbI3)-based PSCs experienced lattice compression under operational conditions in
air [111]. Hutter et al. emphasized that increasing atmospheric pressure via nitrogen could
compress the lattice of mixed halide perovskite materials, thereby increasing the activation
barrier for phase segregation [112,113]. On the other hand, vacuum could increase the out-
gassing process and induce stronger ion migration and defect formation [114]. Moreover,
one possibility of bringing all these different findings for different photo-induced lattice
distortion behaviors in different studies would be that the composition of the perovskite
could affect the preferred orientation of crystals and the strain of perovskite film [115].

Although the above studies discussed light-induced lattice behavior systematically, all
experiments were executed under different atmospheres and used different perovskite sys-
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tems. This makes it very difficult to compare the results of these studies in order to
achieve a comprehensive understanding of the real nature of light-induced lattice effects
from the present literature. It is no doubt that different macroscopic operation conditions
(especially for different atmospheres) have an important influence on the microscopic
behavior in PSCs [116]. To this end, Khenkin and co-workers proposed experimental
procedures based on the International Summit on Organic Photovoltaic Stability (ISOS)
protocols [56]. Although the ISOS protocol suggests using inert atmospheres like vacuum
or nitrogen as the standard, the effects of those two atmospheres, vacuum or nitrogen, on
the morphology and optoelectronic properties of PSC devices have not been investigated
in detail yet. To direct scientific progress toward real-world applications, the microscopic
and macroscopic behavior of PSCs needs to be fully understood in vacuum and nitrogen
atmosphere.

In the present study, I report that operating mixed cation lead mixed halide perovskite
solar cells (MAPbBr3)0.13(FAPbI3)0.87 under a standard one-sun illumination (AM 1.5G)
can cause significant lattice compression and phase segregation in vacuum. The intrinsic
different textures of perovskite alloy could offer a pathway for phase segregation. Mean-
while, phase segregation introduces the coherent phase boundary to decrease the film
strain. Continuous operation in nitrogen atmosphere only has a minor effect on the lat-
tice dynamics. Theoretical calculations reveal that the thermodynamic driving force for
phase segregation is an automatic process in vacuum under operation because of negative
activation energy. However, the activation energy is atmosphere-dependent, which can
suppress the lattice compression and phase segregation by the application of an atmo-
sphere like nitrogen. Grazing-incidence small-angle X-ray scattering (GISAXS) reveals
that small-sized crystallites are formed under operation in vacuum, while the crystal size
distribution is stable under operation in nitrogen atmosphere. I observe that devices
degrade to different extents under these two exemplary conditions, thereby highlighting
the importance of the used experimental protocol. Phase segregation happens under the
operation in vacuum. It leads to the formation of the low bandgap minority phase, re-
sulting in a minor decrease of VOC . Using X-ray photoelectron spectroscopy (XPS) and
drift-diffusion device modelling, I find that bias-induced migration of excess lead iodide
into interfaces between the perovskite and the hole-transporting layer contributes to a
voltage penalty in both atmospheres. In vacuum, the broken crystals serve as pinholes
for the perovskite layer, introducing shunting pathways into the device, and decreasing
fill factor and open-circuit voltage (VOC) at the same time.
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Figure 6.1: (a) Sketch of the device architecture of fabricated planar MAFA perovskite solar
cells. (b) J-V scan of the champion device for MAFA perovskite solar cells and related device
parameters. (c) Histogram of PCE obtained from 36 fabricated MAFA PSCs with red line
displaying a Gaussian fit. Reprinted with permission from [59]. Copyright 2021, Nature energy.

6.2 Structure and Performance of the Devices Analysed

I fabricate planar MAFA PSCs via the anti-solvent method, as previously reported [90].
Fig. 1a presents the device architecture of the studied PSCs. The PCE of the champion
device equals the certified record of MAFA perovskite solar cells (Fig. 6.1b) [87]. Fig.
6.1c shows the related histogram of the PCE data for 36 devices. The narrow steady-state
photoluminescence spectrum and the sharp edge in the absorbance spectrum for MAFA
perovskite films suggest uniformity and phase purity (Fig. 6.2a). Top view scanning
electron microscopy (SEM) and cross-section SEM images show smooth perovskite films,
indicating the formation of condensed grains without pin-holes (Fig. 6.3 b and c). X-ray
diffraction data (Fig. 6.3a and b) show Bragg reflexes from delta − FAPbI3 and PbI2

phases. The existence of these phases in perovskite films was reported to boost the PCE
of perovskite solar cells [87, 90]; however, an excessive amount of PbI2 leads to a poor
device performance [117]. These material properties and device efficiencies are of critical
importance for this state-of-the-art research about degradation.

6.3 Structural Changes during Operation of the Devices

Through the operando grazing-incidence wide-angle X-ray scattering (GIWAXS) studies
on the MAFA PSCs via the ISOS-L-1I protocol (with continuous voltage-bias scan and
illumination in inert atmospheres), I find lattice shrinkages in different extents under
different atmospheres. Pictures of the operando set-up are shown in Fig. 6.4 and Fig.
6.6d. The detailed experimental conditions and data treatment are listed in the Methods
section. The scattering depth for the MAFA perovskite is 660 nm at the used incident
angle of 0.4o, which ensures that I measure the statistical bulk information of the PSCs
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Figure 6.2: Photoluminescence and absorption spectra, SEM images of MAFA perovskite films.
(a) The light absorption spectrum for MAFA perovskite films fabricated on ITO substrates (black
line) and the normalized photoluminescence spectrum of MAFA perovskite films fabricated on
glass substrates (red line). (b) SEM top view image showing the surface morphology. (c)
SEM cross-section image giving a side view of the perovskite film morphology. Reprinted with
permission from [59]. Copyright 2021, Nature energy.

(Fig. 6.5).

Under vacuum, the time evolution of 2D GIWAXS data demonstrates a significant lattice
shrinkage and phase segregation into the minority phase FAPbI3 and the majority phase
(MAPbBr3)0.17+x(FAPbI3)0.83−x during the operation of the PSCs (Fig. 6.6a and c). The
(100) Bragg peak position of the MAFA perovskite experiences a dramatic shift after 45
min of illumination (increasing from 0.998 Å−1 to 1.018 Å−1), proving a dramatic decrease
of the interplane spacing of the crystal. This initial shift of the (100) Bragg peak position
is followed by a slight back shift (decreasing from 1.018 Å−1 to 1.010 Å−1), coinciding with
the phase segregation as seen in the (210) Bragg peak. In contrast, the time evolution of
the line profiles, azimuthally integrated from the 2D GIWAXS scattering data, indicates
that the MAFA perovskite undergoes only a slight lattice shrinkage in nitrogen (Fig. 6.6b).

Since different Bragg peaks reflect different lattice spacings in the materials, I assign the
Bragg peak (hkl) of the cubic structure with the following equation:

dhkl = a
√
h2 + k2 + l2 (6.1)
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Figure 6.3: X-ray diffraction spectra for the MAFA perovskite film and ITO. (a) XRD data of
MAFA perovskite film with index Bragg peak positions. (b) XRD data of ITO substrates. (c)
Sample-to-detector distance calibration via the ITO peak position for measurements in vacuum
(red) and nitrogen (blue). Reprinted with permission from [59]. Copyright 2021, Nature energy.
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Figure 6.4: Synchrotron radiation-based operando set-up. Photograph of the operando set-up
used in the experiments at DESY beamline P03 with characteristic components indicated. The
X-ray beam position is as close as possible to the metal electrodes (< 1 µm) or on top of the
metal electrodes as indicated in the text. Reprinted with permission from [59]. Copyright 2021,
Nature energy.

where refers to the lattice parameters, interplane spacing, and Miller indices, respectively.
According to the cubic model, the degree of lattice shrinkage extracted from the (110)
and (111) Bragg peaks is different compared to the measured data of the (100) Bragg
peak for the whole illumination period (Fig. 6.6d and Fig. 6.7a and b). Therefore, the
lattice shrinkage of the MAFA perovskite is non-uniform under the operation in both
atmospheres because lattice constants are different in different lattice planes. In addition,
Fig. 6.7c shows that the emergence of Bragg peaks around 1.6 Å−1 indicates the forma-

Figure 6.5: Penetration depth of the X-ray beam as a function of the incident angle. At the used
incident angle, the scattering depth is 660 nm. Reprinted with permission from [59]. Copyright
2021, Nature energy.
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Figure 6.6: Structure evolution of MAFA PSCs operating in different atmospheres. (a,b) Time-
evolution of operando synchrotron radiation-based GIWAXS data plotted as azimuthally inte-
grated line profiles of 2D GIWAXS data for the operation of MAFA PSCs under vacuum (a)
and nitrogen (b) based on the ISOS-L-1I protocol. (c) Temporal evolution of 2D GIWAXS data
transferred to q-space and collected under vacuum during the operation of the solar cell for 0,
45 and 120 minutes. (d) Lattice evolution for different atmospheres (vacuum in red, nitrogen in
blue) as a function of illumination time. Filled circles denote the measurements with error bars
derived from three-times fit through the Gaussian distribution of the (100) Bragg peak. The
shaded areas display the modeled (111) peaks, reflecting a non-uniform shrinkage for all lattice
directions. (e) Evolution of radial GIWAXS profiles integrated over all azimuthal angles (pseudo-
XRD profiles) during operation for MAFA PSCs in vacuum, and simulated MAFA, FAPbI3, and
MAPbBr3 perovskite XRD scattering patterns. (f) Crystallite orientation evolution during op-
eration for MAFA perovskite under vacuum (stronger colour patterns indicate the orientation
of crystals after longer operation times) reconstructed from the tube cuts of the 2D GIWAXS
data at the (210) Bragg peak. The schematic diagram shows the evolution of the crystallite
orientation. Reprinted with permission from [59]. Copyright 2021, Nature energy.

tion of the tetragonal perovskite phase caused by a non-uniform lattice shrinkage, which
was also found by a previous study due to a composition change [118].

I further use the Williamson-Hall analysis for azimuthally integrated line profiles to track
the film strain evolution under both atmospheres (Fig. 6.8). During the operation of
PSCs under vacuum, the strain of the MAFA perovskite layer increases first, then de-
creases slightly after the phase segregation into a minor phase FAPbI3, and a major phase
(MAPbBr3)0.17+x(FAPbI3)0.83−x appears. In contrast, the film strain releases slightly un-
der operation in a nitrogen atmosphere, and is below the film strain found in vacuum. In
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Figure 6.7: Lattice evolution for different atmospheres as a function of operation time. (a)
Vacuum, (b) nitrogen. The deviations of the cubic model reflect non-uniform lattice compression.
(c) Confirmation of a non-uniform compression deduced from the signal of the tetragonal phase
shown at a q range of 1.5-1.7 Å−1. (d) Detailed fits for the evolution of the (210) Bragg peak
under vacuum conditions to extract values of and for the misfit calculation of the phase boundary.
At 120 min, is 2.536 Å−1 and is 2.458 Å−1. Reprinted with permission from [59]. Copyright
2021, Nature energy.

addition, the (210) Bragg peak of MAFA splits up with the increase of the operation time
under vacuum, indicating a phase segregation and the formation of the new components
MAFA and FAPbI3 as a result of the 45-min operation under vacuum (Fig. 6.6e). The
release of the film strain happens with phase segregation at the (210) plane, indicating
that this plane is the habit plane due to its low film strain. I calculate the misfit of the
separated (210) Bragg peaks at 120 min by using the equation:

δ = 2 (dF AP bI3 − dMAF A)
dF AP bI3 + dMAF A

(6.2)

I obtain δ = 0.022 (< 0.05), which is the certification of the formation of a coherent
phase boundary [119]. Coherent phase boundaries have lower energy and can enhance
the strength and phase stability of the MAFA perovskite layer [120]. Although condensed
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Figure 6.8: Evolution of full width at half maximum for PbI2, perovskite peaks and strain
during operation in different atmospheres for 120 min. (a, c) Vacuum and (b, d) nitrogen. In
(c) and (d) linear fits show the strain analysis using Williamson-Hall plots, and the slope of fitted
lines reflects the full width at half maximum, the Bragg angle and the strain. Reprinted with
permission from [59]. Copyright 2021, Nature energy.

grains are observed by SEM imaging, a local crystal misorientation may exist and produce
a local structural strain. Thus, potential phase segregation would be driven by such local
crystal misorientations [121]. Such a scenario is also confirmed by Fig. 6.9a, which shows
that FAPbI3 crystallite orientations already exists before the phase segregation. This
finding indicates that the crystallite orientations of MAFA perovskite films occur already
during the fabrication process, which will drive the phase segregation under operation.
The broadening of the crystallite orientations seen in Fig. 6.6f and Fig. 6.9 a-e with
increasing operation time indicates that the orientations of both, the MAFA and FAPbI3

become more disordered after continuous operation.

The results from measurements on top of the gold top contact also confirm that the struc-
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Figure 6.9: Texture analysis based on different integration methods during the operation under
vacuum. (a) Line-cuts obtained from the 2D GIWAXS data using different sector cuts during
operation in vacuum at 0 min. Evolution of different perovskite textures extracted from the
(210) Bragg peak during the operation in vacuum as a function of time after (b) 0 min, (c) 45
min, (d) 90 min and (e) 120 min. Reprinted with permission from [59]. Copyright 2021, Nature
energy.



74 Chapter 6. Atmosphere Affecting Degradation Mechanisms of Perovskite Solar Cells

tural evolution is not affected whether the monitoring positions are on the electrode or
just beside the electrode (Fig. 6.10a, b, c and f). When PSCs operate under the ISOS-L-2I
protocol with an increased temperature (55 ℃) in nitrogen, the perovskite lattice shows
a slightly stronger lattice shrinkage tendency (Fig. 6.10d and g). The Fig. 6.10e and
h confirm that PbI2 and δ-FAPbI3 phases are less likely to affect the lattice distortion
because PSCs with the pure-phase component Cs0.1FA0.9PbI3 also experience a lattice
shrinkage under operational conditions (ISOS-L-1I). According to the above observations,
I claim that the mixed cation lead mixed halide perovskites experience lattice shrinkages
and phase segregation during the operation of the PSCs under vacuum. A nitrogen atmo-
sphere with a standard atmospheric pressure serves as one useful condition to minimize
the effects of lattice shrinkages and phase segregation during the operation of the PSCs.

6.4 Morphology Changes under the Operation of Devices

I use grazing-incidence small-angle X-ray scattering (GISAXS) to investigate the mor-
phology evolution of PSCs under operation in different atmospheres (Fig. 6.11a and d).
To quantify our results from the 2D GISAXS data, I survey the temporal evolution of
the intensities in the horizontal line cuts and model these data with form and structure
factors (Fig. 6.12). The superposition of Gaussian distributed form factors used for mod-
elling the GISAXS data relates to the crystal size distribution because the intensity scales
linearly with the number of crystals of a specific size Fig. 6.11b and c shows that the
number of small crystals increases during operation under vacuum. Our results show that
crystals with diameters lower than 40 nm break into smaller crystals. These small crystals
act as pinholes in the PSCs [122]. The increasing number of crystals also introduces an
increasing number of grain boundaries. This phenomenon is known as grain boundary
strengthening, which can, in turn, increase the strength of the MAFA perovskite film un-
der operation in vacuum [123]. It can stop a further degradation of the MAFA perovskite
film. In contrast, I do not observe a similar phenomenon in nitrogen (Fig. 6.11e).

Eperon et al. showed the existence of porosity in the perovskite film using a gas pyc-
nometer, and this porosity could offer a physical pathway for the origin of the nitrogen
adsorption process. To confirm this, I measure the adsorption behavior of the MAFA per-
ovskite material in nitrogen via the Brunauer-Emmett-Teller method (Fig. 6.13). Indeed,
the MAFA perovskite can adsorb more nitrogen as the pressure of nitrogen increases. The
perovskite sample exhibits a type III isotherm, which indicates the formation of a nitro-
gen molecule multilayer around the perovskite layer during the operation of PSCs under
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Figure 6.10: Evolution of in situ GIWAXS diffraction cake cuts for different perovskite compo-
nents of PSCs during operation in different atmospheres for 120 min. (a-e) Temporal evolution
of in situ GIWAXS diffraction cake cuts measured for PSCs with the components (a) MAFA
under operation in vacuum using the protocol ISOS-L-1I, (b) MAFA under operation in nitrogen
using the protocol ISOS-L-1I, (c) MAFA at the position of the gold top contact under operation
in nitrogen using the protocol ISOS-L-1I, (d) MAFA at the position of the gold top contact
under operation in nitrogen using the protocol ISOS-L-2I (with 55 ℃) and (e) Cs0.1FA0.9PbI3

at the position of the gold top contact under operation in nitrogen using the protocol ISOS-L-1I.
The arrows indicate the Bragg peak position of ITO. (f-h) Extracted lattice evolution for the
(100) Bragg peak (symbols) and the modelled (111) peak (band) in case of measurements on
the top gold contacts for (f) MAFA based solar cells in nitrogen using the protocol ISOS-L-1I,
(g) MAFA based solar cells in nitrogen using the protocol ISOS-L-2I (with 55 ℃) as a function of
illumination time. (h) Cs0.1FA0.9PbI3 based solar cells in nitrogen using the protocol ISOS-L-1I
as a function of illumination time. The shaded areas display the modelled (111) peaks, reflecting
a non-uniform shrinkage for all lattice directions. Reprinted with permission from [59]. Copyright
2021, Nature energy.
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Figure 6.11: Morphology evolution of MAFA PSCs operating in different atmospheres. (a)
Time evolution of 2D GISAXS data under operation in vacuum (red line indicates the horizontal
line cut at the perovskite Yoneda peak position). (b) Evolution of crystal size distributions under
operation in vacuum for different form factors extracted from the model and intensity-normalized
to form factor 1 ( 110 nm). (c) Scheme to illustrate the improved strength of the perovskite
film to suppress further deformation through the increase of grain boundaries due to broken
crystals. (d) Time evolution of 2D GISAXS data under operation in a nitrogen atmosphere (red
line indicates the horizontal cut at the perovskite Yoneda peak position). (e) Evolution of crystal
size distributions under operation in a nitrogen atmosphere for different form factors extracted
from the model and normalized to form factor 1 ( 110 nm). (f) Schematic diagram of nitrogen
molecules (yellow symbols) diffusing through the spiro-OMeTAD layer expressed by a blue (side
chains) and grey (intermolecular π-π stackings) mixed space frame during the operation of solar
cells under nitrogen. The zoomed inset indicates the loose structures of the spiro-OMeTAD
allowing the diffusion of nitrogen molecules. Reprinted with permission from [59]. Copyright
2021, Nature energy.

nitrogen [124]. For the PSCs used in this study, most of their module area is not cov-
ered by electrodes, which means that the majority of spiro-OMeTAD layer can directly
contact the atmosphere. The loose space structure of spiro-OMeTAD offers pathways,
which allow for the diffusion of nitrogen molecules into the active layer underneath (Fig.
6.11f). Hence, I suggest that a nitrogen atmosphere under standard pressure helps to
stabilize the morphology of the perovskite film during operation. Meanwhile, I highlight
the importance of large crystals for enhancing the stability of perovskite materials.
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Figure 6.12: Horizontal line cuts of the 2D GISAXS data. Measurements (symbols) are shown
together with fits (lines) for different operation times in (a) vacuum and (b) nitrogen. Reprinted
with permission from [59]. Copyright 2021, Nature energy.

6.5 Mechanisms of Atmosphere-dependent Operational
Stability

To investigate the intrinsic driving force for phase segregation and lattice shrinkage, I
combine the aforementioned structure and morphology evolution with thermodynamic
kinetics to provide an interpretation. For the calculations, I focus on the

Figure 6.13: Nitrogen gas isotherm. The measurement of the perovskite material is shown on
a log scale. Reprinted with permission from [59]. Copyright 2021, Nature energy.
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(MAPbBr3)0.2(FAPbI3)0.8 component. I first use the Gibbs free energy to evaluate the
effect of pressure on the free energies of perovskite components, in contrast to a previous
report, which applied a GPa-level pressure to suppress the phase segregation of mixed
halide perovskites under illumination [112]. Atmospheric pressure can only decrease the
Gibbs free energy by 1.29 × 10−7 eV due to the use of relatively low pressure (1.01 × 105

Pa) in our study. Hence, in our study, the increased pressure from the nitrogen atmo-
sphere largely does not affect the free energy and cannot be the reason for the suppression
of phase segregation. Thus, I use Helmholtz free energy to calculate the free energy of
the mixing perovskite phases below. Previous studies have efficiently proven that the
lattice shrinkage can increase the activation energy barrier to suppress phase segregation
due to the decrease of ion migrations. However, perovskite films under illumination in
vacuum can increase the doping concentration for all hybrid perovskite materials due to
the decomposition induced by volatile species or the gas desorption induced defects in
the crystal structures [125]. Simultaneously, the relative permittivity of perovskite mate-
rials can change when illumination or pressure are applied [126, 127]. Thus, I recalculate
the activation energy of the phase segregation under operation conditions in different at-
mospheres by means of the method used in references to show the potential for phase
segregation [113].

I find negative activation energies of the MAFA perovskite under operation in vacuum,
indicating that the phase segregation could occur spontaneously at room temperature
(Fig. 6.14a). In contrast, positive activation energy in the case of operation in nitrogen
indicates a much larger energy barrier for phase segregation, significantly preventing phase
segregation. Fig. 6.14b shows that perovskites with different components display different
thermodynamic phase stabilities. When the free energy of the mixing perovskite phase
(∆ Fmix) is larger than 0, phase segregation is energetically favorable for the correspond-
ing secondary phases. Additionally, the phase segregation energy (∆ Fsep) for different
concentrations x for (MAPbBr3)x(FAPbI3)1−x illustrates a concave upward curvature
of ∆ Fmix ranging from x = 0 to x = 0.2, indicating a thermodynamically stable mixed
phase at room temperature. The concave downward curvature of ∆ Fmix from x > 0.2
refers to metastable (∆ Fmix < 0) and unstable states (∆ Fmix > 0) for the MAFA per-
ovskite. However, ∆ Fmix will increase if I take the influence of photo-excited carriers
(n = 0-0.26/f.u.) into consideration, and this results in a thermodynamic driving force
for the phase segregation of the perovskite film. This observation is also consistent with
previous reports, which pointed out that perovskite materials tend to be phase-separated
as Br content increases [128,129].
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Figure 6.14: The thermodynamic driving force of lattice shrinkage and phase segregation. (a)
Evolution of activation energies for phase segregation as a function of lattice volume under vac-
uum (red) and a nitrogen atmosphere (blue). (b) Density-functional theory calculated Helmholtz
free energy of (MAPbBr3)x(FAPbI3)1−x (x= 0, 0.2, 0.3, 0.5, 0.8 and 1) at room temperature
(T = 300 K) for different photo-excited charge carrier densities n. The black, purple and red dash
lines indicate the stable, metastable and unstable phases for different compositions of the per-
ovskite, respectively. (c) The lattice volume evolution translated to related compositional ratios
as a function of the operation time in different atmospheres. (d) Schematic diagram projecting
the non-uniform lattice shrinkage during the operation of PSCs in vacuum, followed by the phase
segregation of the MAFA perovskite, which is highlighted by an orange frame. Reprinted with
permission from [59]. Copyright 2021, Nature energy.

Next, I link the thermodynamic kinetics with the structure and morphology evolution
process. Fig. 6.14c shows the lattice volume as a function of the composition ratio
of MAPbBr3 and FAPbI3. Corresponding changes of MAFA perovskite lattice vol-
umes as a function of operation time in different atmospheres are also taken into con-
sideration. Under vacuum, the operation of PSCs demonstrates a strong lattice shrink-
age to suppress the trend of spontaneous phase segregation at room temperature (Fig.
6.14a and Fig. 6.7a). After a 45-min operation in vacuum, the lattice volume reaches
about 235 Å3, which is the expected value for the lattice volume of the component
(MAPbBr3)0.45(FAPbI3)0.55. Hence, the film strain increases dramatically due to such
lattice shrinkage. The dramatically compressed lattices perturb the balance between
the film strain and the phase stability. The intrinsically different crystallite orienta-
tions for the MAFA phase and FAPbI3 offer a starting point for phase segregation. To
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maintain the metastability of the (MAPbBr3)0.17(FAPbI3)0.83 PSCs during operation
in vacuum, FAPbI3 crystals precipitate from the (210) habit plane, thereby releasing
the film strain (Fig. 6.6e and Fig. 6.8c). This process also forms a coherent phase
boundary, which could increase the strength of the perovskite film and suppress further
phase segregation. Moreover, small size crystals break to maintain the low energy of the
whole system and thus introduce a grain-boundary strengthening. Finally, the lattice
volume reaches approximately 240 Å3, which is the expected value for the component
(MAPbBr3)0.28(FAPbI3)0.72. This component has a negative value of free energy even
under strong illumination, indicating a metastable mixed perovskite phase state.

I speculate that there are four causes for the observed phase segregation, severe lattice
shrinkage, and broken crystals under vacuum, as illustrated in the schemes in Fig. 6.11c
and Fig. 6.14d:
1) a significant mismatch between the compressed lattice volume and the real components
of the film;
2) intrinsically different crystallite orientations of the MAFA and FAPbI3;
3) the need to decrease the film strain introduced by phase segregation and the formation
of the coherent phase boundary;
4) the demand to strengthen the perovskite film to suppress further deformation through
the increase of grain boundaries due to broken crystals.

Physical adsorption of gas molecules can decrease the free energy via an exothermic pro-
cess [130]. Thus, I speculate that the physical adsorption of nitrogen could play an
important role in reducing the film strain and maintaining the lattice and phase stabil-
ity, which is also related to a larger activation energy barrier for phase segregation as
discussed above. This observation is similar to the study of Alberti et al., who showed
that a nitrogen-assisted process played an important role in the lattice recovery during
the annealing process, and that long-term operational stability can be improved by device
encapsulation inside a pure nitrogen atmosphere [131].

6.6 Different Degradation Pathways and Relative
Performance

I examine the temporal device performance of MAFA PSCs under operation conditions
in two different atmospheres. Devices operated in nitrogen show better stability in terms
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of open-circuit voltage (VOC), fill factor (FF), and PCE, compared with those operating
under vacuum. Fig. 6.15a shows a decrease of 20 % for the VOC and 10 % for the FF
under vacuum (normalized from 6 devices, Fig. 6.16a and b show the exemplary J-V
evolution from one of these devices). In contrast, PSCs show only a 10 % decrease of the
VOC in a nitrogen atmosphere (Fig. 6.15b). To identify the mechanisms for these losses,
I measure transient absorption (TA) spectra for a MAFA perovskite film within 120 min-
utes of exposure to a white-light spectrum under vacuum. Fig. 6.15c shows that there is
no peak shift for the perovskite film with white light soaking under a high-vacuum con-
dition, indicating that the decrease of VOC is not due to the worse band alignment [132].
Because the power of a white-light lamp is lower than that of the AM1.5 G spectrum,
I execute 480-min illumination to obtain a comparable dose of illumination. Detailed
analysis (Fig. 6.17) suggests that illumination is less likely to change the non-radiative
relaxation of higher electronic states, vibrational relaxations, and radiative relaxations of
the perovskite even after 480-min illumination.

To further confirm this finding, I measure the photovoltaic external quantum efficien-
cies (EQEs) for the fresh PSCs and the same PSCs after the degradation process under
vacuum. Indeed, Fig. 6.15d shows that the feature of FAPbI3, as the minority phase, ap-
pears after phase segregation. This could be due to an outgassing process of MA molecules
from the perovskite layer when the PSCs are operated under vacuum [74]. Hence, phase
segregation occurs only when PSCs are operated under vacuum, agreeing well with the
GIWAXS study discussed above. This minority phase leads to an increasing charge car-
rier density due to energetic confinement within a small fraction of the total film volume.
All charge carriers tend to funnel into the FAPbI3 having the lowest bandgap. This in-
creased charge carrier density could enhance the radiative recombination, given that the
bimolecular radiative recombination process is much stronger than the monomolecular
non-radiative recombination [106].

The same study suggested that the VOC loss is pinned by the increasing amount of a
low bandgap iodide-rich phase. I execute the device simulation via SCAPS-1D based on
the ‘drift-diffusion’ model to simulate the effects on devices by increasing the radiative
recombination coefficient of the perovskite materials [77]. Even if the radiative recom-
bination coefficient of the MAFA perovskite increases from 3.16 × 10−12 to 3.16 × 10−6

in the simulation for the perovskite layer, there is only a voltage penalty of 26 mV (Fig.
6.16c and f). Thus, the larger voltage loss observed in vacuum conditions cannot result
only from phase segregation.
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Figure 6.15: Degradation Mechanisms of MAFA PSCs under the ISOS-L-1I protocol in different
atmospheres. (a) Evolution of PCE (black), JSC (blue),VOC (red), and FF (green) measured
by the reverse scan (from 1.3 V to -0.2 V) under vacuum. (b) Evolution of PCE, JSC , VOC ,
and FF measured by the reverse scan in nitrogen. For (a) and (b), the shaded areas indicate
error bars extracted from the standard deviation of normalized PCE, JSC , VOC and FF val-
ues of 6 devices operated are operated under the ISOS-L-1 protocol in different atmospheres.
(c) In situ transient absorption spectra (100 to 120 ps average) of the perovskite active layer
as a function of illumination time under vacuum (3.4 × 10−3 Pa). The colour bar indicates
the change in the transmission (absorption) of the broadband probe pulse when the sample is
photoexcited by a pump pulse. (d) Photovoltaic external quantum efficiencies (EQE-PV) of
(MAPbBr3)0.17(FAPbI3)0.83 PSCs measured before and after the operation in vacuum. (e)
The change of XPS I3d and Pb4f spectra for (MAPbBr3)0.17(FAPbI3)0.83 PSCs measured
before and after the operation under voltage-bias conditions, and the baseline of data is ex-
tracted through a Shirley background correction. (f) Schematic illustration for the effects of
the migration of PbI2 to the interface between perovskite and spiro-OMeTAD. Reprinted with
permission from [59]. Copyright 2021, Nature energy.

Given that phase segregation of PSCs does not influence the device performance strongly,
I predict that there must be additional changes at interfaces affecting the final device
performance significantly. A previous study using advanced in situ transmission electron
microscopy revealed that the voltage-bias scan for PSCs could cause the formation of
PbI2 nanoparticles between the perovskite and the spiro-OMeTAD interface. I confirm
this phenomenon via an XPS study (Fig. 6.15e). From a detailed quantitative analysis, I
find that the I/Pb ratio decreases from 3.11 to 2.71 after a continuous voltage-bias scan
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Figure 6.16: PSC data and device simulation via ‘drift-diffusion’ model based on different
situations. J-V evolution of perovskite solar cells under operating conditions for 120 min in (a)
vacuum and (b) nitrogen. Calculated J-V curves for (c) phase segregation of PSCs, (d) PbI2

migrating into the hole transporting layer and (e) shunting pathway introduced into perovskite
solar cells. (f) Relation between radiative recombination coefficient and open-circuit voltage
calculated with the ‘drift-diffusion’ model. Reprinted with permission from [59]. Copyright 2021,
Nature energy.

for 30 min. The decrease of the I/Pb ratio confirms that PbI2 migrates into the interface
between the perovskite film and spiro-OMeTAD.

I also investigate the effect of existing PbI2 between the perovskite and the hole-transport
layer using a simulation of the ‘drift-diffusion’ model. I find a voltage loss of 90 mV after
inserting a PbI2 layer between the perovskite and the hole-transport layer, showing that
the excess PbI2 at the interface reduces the VOC dramatically (Fig. 6.16d). In addition,
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Figure 6.17: Evolution of transient absorption spectra for the perovskite film in vacuum. (a)
TA map of the fresh perovskite film under a low-fluence 400-nm pump; (b) Spectra of the
fresh perovskite film under a low-fluence 400-nm pump; (c) Spectral comparison between the
fresh sample and the illuminated sample; (d) TA map of the as-prepared perovskite film under
a high-fluence 400-nm pump; (e) Spectra of the fresh perovskite film under a high-fluence
400-nm pump; (f) Kinetic comparison between the fresh sample and illuminated samples; (g)
TA spectra within 400 minutes of exposure to femtosecond laser; (h) Early-time and (i) Late
time spectral comparison between the fresh sample and illuminated samples. Reprinted with
permission from [59]. Copyright 2021, Nature energy.
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a control experiment for PSCs without excess PbI2 under operation in a different atmo-
spheric condition is executed. The drop of VOC for PSCs is significantly suppressed after
120 min illumination in both, vacuum and nitrogen conditions (Fig. 6.18). Hence, I con-
firm that, under voltage-bias conditions, excess PbI2 migrates to the interface between the
perovskite and the spiro-OMeTAD layer irrespective of the type of atmosphere, thereby
degrading the VOC of the devices. The existence of PbI2 changes the heterojunction type
for PSCs from the staggering gap (type 2) to the straddling gap (type 1) because of the
larger bandgap of PbI2 (Fig. 6.15f). This change forms a worse band alignment for trans-
porting holes. Furthermore, the GISAXS data show that small crystals break up during
operation under vacuum, which can create pinholes. This results in shunting pathways,
dramatically decreasing the shunt resistance of the devices [133]. From the ‘drift-diffusion’
simulation, I find that a decrease of the shunt resistance results in a decrease of the FF
and VOC of the devices decreases (Fig. 6.16e). This finding supports our results of a
stronger degradation during operation under vacuum. Overall, the PbI2 migration is one
mechanism, which causes voltage loss and occurs for PSCs in both atmospheres. The
segregation of the minority phase and the formation of small crystals from larger crystals
(<40 nm) cause an additional voltage loss and a severe FF loss during operation under
vacuum.

Figure 6.18: Evolution of PCE, JSC , VOC and FF of solar cells without excess PbI2 in the
reverse scan in different atmospheres. (a) Vacuum and (b) nitrogen. Six devices are operated
under the ISOS-L-1 protocol in different atmospheres to extract error bars which are shown as
the shaded area. Reprinted with permission from [59]. Copyright 2021, Nature energy.
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6.7 Summary

I discover the kinetics between structural changes and phase segregation, and explain them
in detail regarding thermodynamic theory. I also reveal the atmosphere-dependent degra-
dation mechanisms for PSCs under different operation conditions. Operating PSCs under
vacuum causes both, a large degree of lattice shrinkage and a spontaneous process for
phase segregation of the mixed cation lead mixed halide PSCs. Importantly, these effects
are mitigated in nitrogen. Therefore, I suggest using a nitrogen atmosphere with ambient
pressure as a standard atmosphere for guiding scientific research and industrial develop-
ment in the perovskite field. Furthermore, these new findings provide a constructive way
to improve the long-term operational stability of this emerging photovoltaic technology
via nitrogen encapsulation or the lattice fine-modification of perovskite materials.



7 Trace Water in Lead Iodide Limits
the Performance of Perovskite Solar
Cells

The reproducibility of highly efficient perovskite solar cells (PSCs) has long been a source
of debate in research laboratories throughout the world. A well-known but little-discussed
problem is how minor contaminants in raw materials impair the repeatability of high-
performance PSCs. I show that the inevitability of water contamination in PbI2 impacts
device performance repeatability owing to PbI2 fabrication techniques. I show that a
little amount of water in PbI2 generates a quicker crystallisation process in the perovskite
layer during the annealing stage using synchrotron-based structural characterisation. This
causes substantial unbalanced charge carrier mobility, which degrades the device perfor-
mance and solar cell lifespan. Our PSCs obtain a certified PCE of 24.4 % by fine-tuning
the water during manufacture.

7.1 Background

PSCs performance has been improved to a certified 25.7 %. However, in the field, con-
sistency in different labs for creating highly efficient PSCs is a big difficulty, and only a
few organisations across the globe can generate devices with certified PCE > 23%. For
the reproductivity of highly efficient PSCs, it is therefore critical to study the underlying
limits throughout the manufacturing process.
The device’s repeatability is limited by a few factors: (i) material purity [134–136];
(ii) manufacturing pathway (such as a blend of raw material power or pure perovskite
power) [137]; and (iii) processing environment (low-moisture atmospheres with relative
humidity 20%). [138]. Material purity is one of these limiting criteria that researchers
sometimes neglect because perovskite is a well-known defect-tolerance material. However,
in order to attain optimal optoelectronic characteristics, the impact of contaminants on
performance must be taken into account [139]. According to a prior study, a dehydrated
PbI2 procedure can boost PSCs’ overall performance by twofold [134]. The water-based

87
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synthesis technique ”golden rain” reaction, on the other hand, has a basic limitation in
terms of dehydration. The presence of residual water in the perovskite precursor, I believe,
has an impact on crystal formation, charge carrier dynamics, and device performance.

7.2 Different Synthesis Methods of Lead Iodide and
Relative Performance of Solar Cells

Figure 7.1: (A) Schematic diagram of solution synthesis and direct synthesis. (B) Statistics for
12 devices fabricated by different synthesis methods of PbI2.

First, I examine the implications of various PbI2 production techniques on device per-
formance. Due to the water-based synthesis technique, the ”golden rain reaction” is a
solution-process PbI2 synthesis method (Fig. 7.1AI) with a maximum water level of 100
ppm [134]. While direct PbI2 production by high-temperature evaporation might keep
the water content in PbI2 below 15 ppm [135]. The rising water content of PbI2 has a syn-
genetic influence on device performance, as shown in Fig. 7.1B, lowering the open-circuit
voltage (VOC), short-circuit current (JSC), and power conversion efficiency (PCE). I fur-
ther establish that the detrimental effects of water content in PbI2 on device performance
are independent of fabrication techniques by manufacturing perovskite solar cells using
the one-step anti-solvent approach for the components of (MAPbBr3)0.17(FAPbI3)0.83

(Fig. 7.2 [104]).



7.3. Effect of Water Content in Lead Iodide on the Growth of the Perovskite Film 89

Figure 7.2: Statistical performance of the full batch of 15 of one-step anti-solvent fabricated
(FA0.79MA0.16Cs0.05Pb(I0.83Br0.17)3) perovskite solar cells. (A) open-circuit voltage; (B)
short-circuit current; (C) fill factor; (D) power conversion efficiency.

7.3 Effect of Water Content in Lead Iodide on the
Growth of the Perovskite Film

The effects of water concentration in PbI2 on the kinetics of perovskite crystallisation
are investigated using synchrotron-based grazing-incidence wide-angle x-ray scattering
(GIWAXS). The perovskite layer is fabricated using a two-step inter-diffusion approach,
and the annealing process is monitored at 150 oC in the air with a relative humidity
of 35 % [88]. The crystallisation process is analysed and the temporal development
of two-dimensional GIWAXS data is shown using a line profile integration (Fig. 7.3
and Fig. 7.4- 7.7). During the annealing process, increasing the amount of water in
the perovskite films (from 0 ppm to 7000 ppm) consumes perovskite-related complexes
(q = 0.464, 0.508, 0.649 Å−1) significantly quicker. With increased amounts of water, the
reaction time of these complexes during the annealing process drops from 600 to 50 sec-
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onds, resulting in quicker development of the PbI2 phase (q = 0.896 Å−1) in perovskite
films. I discovered that increasing water content might promote heterogeneous dominant
nucleation for perovskite crystals by a comprehensive investigation of the perovskite-
related complex phase (q = 0.649 Å−1) using the Avrami equation (Fig. 7.8).

Figure 7.3: The X-ray scattering evolution during the perovskite film annealing process with
different water contents in PbI2 film.
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Figure 7.4: Evolution of scattering patterns for perovskite films with 0 ppm water in situ
annealed at 150 oC. (A) 0 s; (B) 60 s; (C) 120 s; (D) 240 s; (E) 360 s; (F) 480 s; (G) 600 s;
(H) 900 s.
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Figure 7.5: Evolution of scattering patterns for perovskite films with 70 ppm water in situ
annealed at 150 oC. (A) 0 s; (B) 60 s; (C) 120 s; (D) 240 s; (E) 360 s; (F) 480 s; (G) 600 s;
(H) 900 s.
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Figure 7.6: Evolution of scattering patterns for perovskite films with 700 ppm water in situ
annealed at 150 oC. (A) 0 s; (B) 60 s; (C) 120 s; (D) 240 s; (E) 360 s; (F) 480 s; (G) 600 s;
(H) 900 s.
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Figure 7.7: Evolution of scattering patterns for perovskite films with 7000 ppm water in situ
annealed at 150 oC. (A) 0 s; (B) 60 s; (C) 120 s; (D) 240 s; (E) 360 s; (F) 480 s; (G) 600 s;
(H) 900 s.

Scanning electron microscopy (SEM) pictures support the existence of heterogeneous dom-
inant nucleation at the macroscopic level, providing proof of its occurrence (Fig. 7.9).
Increased water concentration in perovskite films causes a competing process between
heterogeneous and homogeneous nucleation, as shown in SEM images. I find that the
heterogeneous dominant nucleation also results in the absence of the PbI2 phase at the
perovskite layer’s surface, which does not increase device performance according to earlier
publications (Fig. 7.10) [102]. I also look at the azimuthal integration of the PbI2 phase
at q = 1.835 Å−1, and I see that the intensity of the PbI2 texture decreases noticeably
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Figure 7.8: Experimental data extracted from 0, 70, 700, 7000 ppm of perovskite films at the
peak with q = 0.64 Å−1 fitted to the Avrami equation, and K indicates the crystallization rate.

(Fig. 7.11 and Fig. 7.12). Due to a quick reaction of complexes, which causes the random
distribution of the PbI2 phase, more disordered textures for PbI2 with a larger quantity
of water in perovskite films are formed.

Figure 7.9: SEM images for perovskite films with 0 ppm water (black frame), 70 ppm water
(red frame), 700 ppm water (blue frame), 7000 ppm water (green frame), and scale car is 100
µm.
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Figure 7.10: SEM images of annealed perovskite films with 0 (black frame), 70 (red frame),
700 (blue frame), and 7000 (green frame) ppm water. A higher amount of water (> 70 ppm)
in perovskite films results in the appearance of the homogeneous nucleation area (more lead
PbI2 at the surface, the frame with dash lines) and the heterogeneous nucleation area (less
PbI2 at the surface, the frame with solid lines). The bright area indicates the formation of PbI2

according to previous reports.
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Figure 7.11: 2D GIWAXS data transferred to q-space obtained from the perovskite film with 0
ppm (black), 70 ppm (red), 700 ppm (blue), 7000 ppm (green) water.

I employ the continuous variation approach for expressing the stability constant of the
PbI2-DMSO complex in the perovskite film to investigate the inherent driving force of the
quick consumption of perovskite-related complexes in the perovskite film (Fig. 7.13) [140].
As the amount of water in thePbI2 precursor increases, the stability of complexes decreases
considerably, culminating in a suspension (Fig. 7.14). This phenomenon might produce
a rapid response of complexes during the annealing process of perovskite films due to a

Figure 7.12: Texture evolution of perovskite film with different water content of PbI2 cooper-
ating during the annealing process.
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Figure 7.13: Light absorption spectra and continuous variation plots of PbI2 and DMSO com-
plex with different water content. (A) light absorption of 1.3 M PbI2/DMSO in DMF solution
with 0 ppm water; (B) light absorption of 1.3 MPbI2/DMSO in DMF solution with 70 ppm
water; (C) light absorption of 1.3 M PbI2/DMSO in DMF solution with 700 ppm water; (D)
light absorption of 1.3 M PbI2/DMSO in DMF solution with 7000 ppm water; (E) light absorp-
tion of 0.65 M PbI2/DMSO in DMF solution with 0 ppm water; (F) light absorption of 0.65 M
PbI2/DMSO in DMF solution with 70 ppm water; (G) light absorption of 0.65 M PbI2/DMSO
in DMF solution with light absorption of 0.65 M PbI2/DMSO in DMF solution with diluted
700 ppm water; (H) light absorption of 0.65 M PbI2/DMSO in DMF solution with 7000 ppm
water; (I) continuous variation curve for PbI2/DMSO in DMF solution with 0 ppm water; (J)
continuous variation curve for PbI2/DMSO in DMF solution with 70 ppm water; (K) continuous
variation curve for PbI2/DMSO in DMF solution with 700 ppm water; (L) continuous variation
curve for PbI2/DMSO in DMF solution with 7000 ppm water.

decrease in the quantity of complexes in the films. The PbI2-DMSO complex possesses
a strong coordination bonding with low water content in the film, as illustrated in Fig.
7.15. This causes the PbI2 phase, which has a highly ordered texture, to crystallise more
slowly during the annealing process. Due to the lower stability constant, increasing the
amount of water destroys the coordination connection between the PbI2-DMSO complex.
Because of the weaker coordination bonds, the PbI2 phase crystallises quickly and exhibits
randomly oriented textures.
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Figure 7.14: Stability constant of PbI2 solutions with different amount of water.

Figure 7.15: Schematic diagrams of the perovskite crystal formation with different water content
in PbI2 complex solution.

7.4 Effect of Water Content on the Performance of Solar
Cells

I make PSCs for varying water content perovskite films and discover that the device
performance degrades as the number of water on the PSCs increases (Fig. 7.16). I obtain
a certified PCE of 24.3 % with a small aperture area and a certified PCE of 22.71 % with
a large aperture area by fine-tuning the water content in PbI2. Figures 7.17 and 7.18 show
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Figure 7.16: The performance of solar cells with 0 ppm, 70 ppm, 700 ppm, and 7000 ppm
water in perovskite films.

the full device data as well as the external quantum efficiency spectrum. I use optical-
pump THz-probe (OPTP) spectroscopy and time-resolved photoluminescence (TRPL)
to expose the charge carrier dynamics of the perovskite layer with varied quantities of
water [141, 142]. With increasing water pollution, Fig. 7.19 shows a decrease in charge-
carrier total mobility. A high roughness for the perovskite layer with 700 ppm water, on
the other hand, results in an undetectable signal for OPTP spectroscopy (Fig. 7.20).

In perovskite films, linear extrapolation is utilised to anticipate the development of mo-
bility with increasing water. The cumulative charge carrier mobility decreases from 44.84
cm2V −1s−1 (0 ppm) to 37.96 cm2V −1s−1 (7000 ppm), potentially affecting device perfor-
mance (Fig. 7.21). Meanwhile, due to sunlight recycling effects generated by morpholog-
ical changes, I see a somewhat lower bimolecular recombination process with the higher
water content film (reduction from 3.3∗10−11 to 1.78∗10−11s−1cm3). In addition, Fig. 7.22
indicates that with increased water content in perovskite films, the time-correlated single-
photon counting (TCSPC) approach with TRPL produces a stronger trap assisted-charge
carrier recombination (an increase from 1.33 ∗ 106 to 1.74 ∗ 106s−1.

I apply the ’drift-diffusion’ model through SCAPS-1D to simulate device performance
to quantify the aforementioned changes in charge carrier dynamics on device perfor-
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Figure 7.17: Device statistics shown in box plots (center line: average; box limit: standard
deviation; whiskers: outliers) for (A) open-circuit voltage, (B) short-circuit current, (C) fill
factor, (D) power conversion efficiency for solar cells with water content of 0 ppm (black), 70
ppm (red), 700 ppm (blue), 7000 ppm (green).

Figure 7.18: EQE and integrated JSC for the perovskite solar cells with 0 ppm (black), 70 ppm
(red), 700 ppm (blue), 7000 ppm (green) water.
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Figure 7.19: Charge carrier sum mobility, trap-assistant recombination rate and bimolecular
recombination rate extracted from modelling OPTP and TRPL spectra for different amount of
water in the perovskite layer.

Figure 7.20: AFM images obtained from the perovskite film with 0 ppm (black), 70 ppm (red),
700 ppm (blue), 7000 ppm (green) water.
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Figure 7.21: Photo-induced terahertz conductivity transients monitored over a 1 ns window
following pulsed (15 fs) excitation at 400 nm with a range of pulse fluences for different perovskite
films. (A) 0 ppm water; (B) 70 ppm water; (C) 700 ppm water.

Figure 7.22: Optical properties of perovskite films. (A) the absorption spectrum of different
perovskite films obtained from FTIR spectrometer; (B) the fractions of the reflected and trans-
mitted light through different perovskite films; (C) the steady-state photoluminescence spectra of
different perovskite films; (D)time-resolved photoluminescence spectra with the time-correlated
single photon counting technique for perovskite films with different amount of water.
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Figure 7.23: Simulated J-V curves with different amounts of water in the perovskite layer.

mance [77]. I first examine the effects of increased trap-assisted recombination rate in
relation to trap density and deceased bimolecular recombination rate in relation to ra-
diative recombination. I adjust the trap density, radiative recombination coefficient, and
charge carrier mobility in the ’drift-diffusion’ model by quantifying carrier density and
trap density. The results demonstrate that applying relative modifications reduces device
performance slightly (Fig. 7.23).

Due to the limitations of detecting sum charge carrier mobility with OPTP spectroscopy,
I hypothesise that the imbalanced hole and electron mobility could lead to a significant
drop in device performance as the amount of water in the perovskite layer increases [143].

I employ the space-charge limited current measurement to separate the hole and electron
mobility to support our hypothesis (Fig. 7.24) [144]. With increasing amounts of water, I
find that hole mobility falls from 13 to 0.02 cm2V −1s−1 for the perovskite layer using hole-
only and electron-only architectures as illustrated in Fig. 7.25. The electron mobility, on
the other hand, exhibits just a little change when the water content rises. I ensure that the
uneven hole and electron mobility in the increased amount of water leads to a severe loss
in device performance by modelling the array among different hole and electron mobility
for device performance (Fig. 7.26 and Fig. 7.27). The decreased hole carrier mobility
severely limits the hole carrier movement. The charge carrier separation process is severely
restricted by the decreased hole carrier mobility, resulting in an increased possibility of
trap-assisted recombination and radiative recombination (Fig. 7.28).
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Figure 7.24: Evolution of J-V(log scale) curves from the measurement of SCLC with different
water content perovskite films for (A) electron-only devices; (B) hole-only devices.

7.5 Effect of Water Content on the Operational Stability
of Solar Cells

The operational stability of PSCs under a max power point tracking (MPPT) scenario
must be assessed. As a result, I investigate the impact of water pollution on solar cells’
long-term operational stability. Under an MPPT situation, I age type I and type II PbI2

perovskite solar cells using the ISOS-L-1 technique [56]. After 350 hours of operation, the
PSCs made with type I PbI2 had lost roughly 60% of their relative performance. After
350 hours of continuous operation, the devices made with type II PbI2 exhibit just a 20%
reduction in relative efficiency. These findings show that PbI2 pollution in water affects

Figure 7.25: Schemes of applied hole-only, and electron-only devices for measuring the hole, and
electron mobility separately obtained from pulsed space-charge limited current measurement.
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Figure 7.26: Dependence of PCE for solar cells with different electron and hole mobilities
extracted from ‘drift-diffusion’ simulation.

Figure 7.27: Dependence of device performance simulation through the “drift-diffusion” model
with different electron and hole mobilities. (A) dependence of open-circuit voltage with different
electron and hole mobilities; (B) dependence of short-circuit current with different electron and
hole mobilities; (C) dependence of fill factor with different electron and hole mobilities.

Figure 7.28: Schematic of the increasing recombination process due to the rising water content
in different perovskite films.
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Figure 7.29: (A) Operational stability of perovskite solar cells fabricated by Type I PbI2 under
the ISOS-L-1 protocol (maximum power point tracking, in N2, continuous one-sun illumination
at 25 °C). (B) Operational stability of perovskite solar cells fabricated by Type II PbI2 under
the ISOS-L-1 protocol.

the operational stability of PSCs. Our findings, which show that water contamination in
PbI2 has a significant impact on device performance and operational stability for PSCs,
should encourage researchers to pay attention to the purity of raw materials.

7.6 Summary

I demonstrate how the inevitability of water contamination in PbI2 affects device perfor-
mance repeatability due to PbI2 production procedures. Using synchrotron-based struc-
tural characterization, I show that a little quantity of water in PbI2 causes a faster crys-
tallisation process in the perovskite layer during the annealing stage. This results in
significant imbalanced charge carrier mobilities, which lowers device performance and so-
lar cell longevity. By fine-tuning the water during manufacturing, our PSCs achieve a
certified PCE of 24.4 %.





8 Conclusion

To summarize, this thesis discusses three topics for perovskite solar cells. One is how
two-dimensional polymorphs affect the orientation of perovskite crystals, and the other is
how atmospheres affect the degradation mechanisms of perovskite solar cells. Also, how
the trace water affects the performance and operational stability is discussed. The focus is
on perovskite solar cells with n-i-p planar architecture devices, which are compatible with
large-scale industrial fabrication due to their low-temperature solution-based methods. I
mainly use GIWAXS and GISAXS to analyze the scientific questions in the perovskite
field, and I figure out how to modify the orientation of perovskite crystals. Combining
characterization techniques like UV-vis, SEM, TRPL and I-V measurement, I understand
the relationship between device performances and crystal orientations. Synchrotron-based
operando experiments enable us to understand the intermediate status of how atmospheres
affect the degradation mechanisms of perovskite solar cells. With the support of DFT,
EQE, XPS and SCAPS-1D simulation, the comprehensive degradation mechanisms of at-
mospheres of perovskite solar cells are figured out. Synchrotron-based in-situ annealing
experiments make us understand how trace water in lead iodide can affect the crystalliza-
tion process, and cause a heterogeneous growth for the perovskite material. Combining
with the help of TRPL, OPTP and SCAPS-1D, I further understand that heterogeneous
crystallization can cause imbalanced mobility for electrons and holes, which decreases the
performance of PSCs.

For the first project in Chapter 5, I discovered that adding varying concentrations of
p-f-PEAI results in the formation of a novel face-on texture of the cubic phase of per-
ovskite films, as well as an increase in texture strength. TRPL measurements reveal a
trade-off mechanism for p-f-PEAI doping of perovskite materials in terms of charge car-
rier dynamics. I hypothesise that the change in morphology and textural strength caused
by doping with p-f PEAI suppresses the charge carrier quenching effect and is advanta-
geous to charge extraction. Furthermore, by carefully controlling the p-f-PEAI content, I
enhance the PCE distribution in terms of a decreased PCE spread of PSCs without sac-
rificing the possible PCE. As a result, increasing texture strength may have an impact on
the charge-carrier dynamics of perovskite films. Equally significant, I have demonstrated
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a crucial step toward the manufacture of PSCs with both a high and reproducible PCE.
Such advancements are required to achieve real-world applications. This, I hope that, will
have an impact on future advancements in perovskite-related optoelectronic devices, as
well as open the way for a greater understanding of structure-dependent material prop-
erties and the creation of theoretical models.

For the second project in Chapter 6, I explore the kinetics of structural changes and phase
segregation and explain them thoroughly using thermodynamic theory. I also describe
the atmospheric-dependent deterioration mechanisms of PSCs under various operating
situations. When PSCs are operated under vacuum, they experience significant lattice
shrinkage as well as spontaneous phase segregation of the mixed-cation lead mixed-halide
PSCs. Importantly, nitrogen mitigates these effects. As a result, I propose that a nitrogen
atmosphere at ambient pressure be used as a standard environment to guide the scientific
study and industrial development in the perovskite field. Furthermore, these discoveries
give constructive strategies (nitrogen encapsulation or lattice fine-modification of per-
ovskite materials) to improve the long-term operational stability of this developing solar
technology.

For the third project in Chapter 7, I demonstrate that the water content of the lead
iodide used to fabricate perovskite film is the most crucial parameter that restricts the
reproducibility and performance of PSCs, based on a comprehensive study. The presence
of trace water in PbI2 causes a heterogeneous crystallisation process and affects the mi-
crostructure of PbI2 in perovskite films, according to our findings. As the quantity of
water in the PbI2 precursor increases, the stability constants of perovskite complexes in
the precursor drop, causing distinct crystallisation processes and textures. I show that
when the quantity of water in the PbI2 precursor increases, charge carrier mobility de-
creases and non-radiative recombination processes enhance. The device’s performance
is limited by the highly unbalanced hole and electron mobilities in high water content
films. All of these findings show that a trace quantity of water in PbI2 can impact the
reproducibility and PCE of PSCs by altering the crystallisation process of the perovskite,
causing additional non-radiative recombination centres, and affecting the crystallisation
process of the perovskite. Finally, I obtain a certified 24.4 % PCE for a tiny aperture area
by fine-tuning the quantity of trace water in PbI2. Meanwhile, I use the same method to
get a certified 23.0 % PCE for big aperture solar cells, indicating that up-scaling manu-
facturing is a viable option.

In recent years, achievements have been made rapidly in understanding the outstanding
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features of perovskite solar cells and why these materials may produce highly efficient
solar cells. Many studies have discussed the outstanding optoelectronic properties of per-
ovskite materials, and they have attempted to link these features with device operating
mechanisms and device performance. Many key material properties of perovskite films,
such as light absorption, the concentration of trap states, exciton binding energies, and
the diffusion lengths of charge carriers, are comparable or better than the best properties
of photovoltaic materials with covalent bands (such as Si, GaAs, and CdTe) by high-
temperature and vacuum technique. Many distinctive features including defect tolerance
and ion migration, have been investigated in detail [145].

Although the big lattice constant and soft nature of perovskite materials lead to an ob-
vious ion migration effect, it is unclear how these features lead to big dielectric constants
and affect structural stability. Ion migration mechanisms have yet to be fully under-
stood. Furthermore, one must learn how ion migrations affect carriers recombination in
the perovskite layer and at adjunct interfaces, and researchers in the field should focus on
the topics like charge separation, the suppression of current-voltage hysteresis, and the
enhancement of perovskite stability. It is almost certain that fascinating and novel proper-
ties will be discovered in perovskite materials in the future. The enhanced understanding
of perovskite materials’ unique optoelectronic features would result in the development of
prospective perovskite materials for less toxicity and better operational stability [145].
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M. Handloser, T. Bein, A. Hartschuh, et al., “Understanding the role of cesium
and rubidium additives in perovskite solar cells: trap states, charge transport, and
recombination,” Advanced Energy Materials, vol. 8, no. 16, p. 1703057, 2018.

[92] Z. Wang, Q. Lin, F. P. Chmiel, N. Sakai, L. M. Herz, and H. J. Snaith, “Ef-
ficient ambient-air-stable solar cells with 2d–3d heterostructured butylammonium-
caesium-formamidinium lead halide perovskites,” Nature Energy, vol. 2, no. 9, pp. 1–
10, 2017.

[93] H. Min, M. Kim, S.-U. Lee, H. Kim, G. Kim, K. Choi, J. H. Lee, and S. I. Seok,
“Efficient, stable solar cells by using inherent bandgap of α-phase formamidinium
lead iodide,” Science, vol. 366, no. 6466, pp. 749–753, 2019.

[94] I. Volovichev, G. Logvinov, O. Y. Titov, and Y. G. Gurevich, “Recombination and
lifetimes of charge carriers in semiconductors,” Journal of Applied Physics, vol. 95,
no. 8, pp. 4494–4496, 2004.

[95] L. M. Herz, “Charge-carrier dynamics in organic-inorganic metal halide per-
ovskites,” Annual review of physical chemistry, vol. 67, pp. 65–89, 2016.



122 Bibliography

[96] M. B. Johnston and L. M. Herz, “Hybrid perovskites for photovoltaics: charge-
carrier recombination, diffusion, and radiative efficiencies,” Accounts of chemical
research, vol. 49, no. 1, pp. 146–154, 2016.

[97] J. M. Richter, M. Abdi-Jalebi, A. Sadhanala, M. Tabachnyk, J. P. Rivett, L. M.
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