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ABSTRACT

Organo-metal halide perovskite solar cells have been the center of attention in the
photovoltaic research field over the last years as a strong candidate to replace the
conventional Si-based technology. However complex device physics as well as intrinsic
instability has left much to be desired by this technology. The focus of this thesis is to
understand and improve the thermal stability of Hybrid Perovskite solar cells by interface

engineering methods and development of high-performance electrodes.

Initially, the stability of p-i-n perovskite solar cells is studied under accelerated heat
lifetime conditions (60 °C, 85°C and N, atmosphere). By using a combination of buffer
layer engineering, impedance spectroscopy and other characterization techniques, this
Thesis confirmed that the interaction of the perovskite active layer with the top Al metal
electrode through diffusion mechanisms is the major thermal degradation pathway for
planar inverted perovskite photovoltaics (PVs) under 85°C heat conditions. This Thesis
has shown that by using thick solution processed fullerene buffer layer the perovskite
active layer can be isolated from the top metal electrode and improve the lifetime
performance of the inverted perovskite photovoltaics at 85 °C, to a detriment in solar cell

device efficiency, however.

Furthermore, solution processed vy-Fe:Oz nanoparticles via solvothermal colloidal
synthesis in conjunction with ligand-exchange method are used for interface top electrode
modification in inverted (p-i-n) perovskite solar cells. In comparison to more
conventional top electrodes such as PC7o0BM/Al and PC70BM/AZO/AI, this Thesis shows
that incorporation of a y-Fe>Oz provides an alternative solution processed top electrode
(PC70BM/Fe203/Al) that not only results in comparable power conversion efficiencies,
but also improved thermal stability of inverted perovskite photovoltaics. The origin of
improved thermal stability is attributed to a better y-Fe>Os interface with the top metal
contact. The reduced charge trapped density of y-Fe>Os/Al based interface improve the

stability of inverted perovskite solar cells under accelerated heat lifetime conditions.

Following the above initial study of fullerene-based diffusion blocking layers, the usage
of n-type doping is further explored to improve the PCE of p-i-n- inverted PSCs based on
thick fullerene diffusion blocking layers while still retaining high thermal stability. The
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main issue that was identified in the previous work was the low conductivity of PC70BM
which significantly limits the thickness of the films that can be used to achieve good
thermal stability. In this work it is shown that utilizing N-DMBI as the n-type dopant for
PC70BM and applying the just enough doping principle we can increase the PCE of
inverted PSCs with thick (200 nm) PC7BM diffusion blocking layer from 7.84 to 13.1
% via doping with 0.3 % w.t. N-DMBI. Doping with N-DMBI significantly increases the
conductivity of PC7oBM and reduces the series resistance (Rs) of inverted p-i-n PSCs.
Importantly, just enough N-DMBI doped thick PC7o0BM based devices retain a high
thermal stability at 60 °C of up to 1000 h without sacrificing their photovoltaic (PV)
parameters and PCE.

Finally, the hysteresis and stability issue that inverted PSCs using Cu:NiOx often exhibit
is tackled. It has been reported that PSCs using Cu:NiOx as hole transporting layer (HTL)
often exhibit stability issues and in some cases J/V hysteresis. A B-alanine surface
treatment process on Cu:NiOx HTL that provides J/V hysteresis-free, highly efficient,
and thermally stable inverted PSCs is developed. The improved device performance due
to p-alanine-treated Cu:NiOx HTL is attributed to the formation of intimate
Cu:NiOx/perovskite interface and reduced charge trap density in the bulk perovskite
active layer. The B-alanine surface treatment process on Cu:NiOx HTL eliminates major
thermal degradation mechanisms, providing improved lifetime and performance under
accelerated heat lifetime conditions. By using the proposed surface treatment, optimized
devices with high PCE (up to 15.51 %) and up to 1000h lifetime under accelerated heat
lifetime conditions (60 °C, N2) are presented.

Keywords: Perovskite Photovoltaics, thermal stability, impedance spectroscopy,

interfaces, electrodes, p-i-n (inverted) device structure hybrid Perovskite Solar Cells.
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1 INTRODUCTORY REMARKS

1.1 Research motivation

The increasing worldwide energy consumption has led to the rise of photovoltaic
technology over the years, spanning over several generations of solar cells. Although
several advancements and breakthroughs have been made to Si-based photovoltaics, the
high cost as well as complex fabrication has led researchers to expand the scope of
photovoltaics beyond Si and search for new materials. One of the most novel and
attractive research fields over the last years have been Perovskite solar cells. Combining
the advantages offered by solution processed techniques such as low fabrication cost and
flexibility with high efficiencies, Perovskite solar cells have proven to be a strong
candidate with high potential as a replacement for Si technology. However complex
device physics, toxicity and intrinsic instability has hindered the advancement of this
photovoltaic technology towards commercialization. Motivated by the enormous
potential as well as plethora of problems that wait to be resolved, this work is dedicated
towards the understanding of physics as well as improving the overall performance of

Perovskite solar cells by implementation of novel electrodes for the devices.

1.2 Research objectives

The main objective of this work is to enhance the performance of Perovskite solar cell
via the implementation of novel electrodes. Therefore, the main experimental part of this

work was conducted by following the next two objectives:

Objective 1

Stability was reported in the literature to be one of the main hindrances of Perovskite solar
cells towards commercialization. The intrinsic stability of the Perovskite crystal has
proven to be poor in a variety of environmental conditions such as heat. The focus of this
objective is to understand the major degradation pathway of perovskite solar cells under
accelerated heat conditions and inert atmosphere as well as to tackle it by tuning the

existing structure of a reference device.



Objective 2

The second objective is a natural continuation of the first objective. In detail, after
identifying the major degradation pathway of Perovskite solar cell under accelerated heat
conditions, electrode engineering should be performed to introduce novel ideas in the
existing device structure to improve the overall performance of the devices. The new
electrodes should have appropriate properties as to not compromise the overall efficiency
of the device to a large degree while simultaneously offering improvements towards the

stability of the device, effectively striking a good balance between efficiency and stability

1.3 Research methodology

The overall basis of this research is focused on purely experimental work through the
fabrication of Perovskite solar cells in the MEP laboratory using solution processed
techniques. The research was initially conducted using a pre-existing reference device of
the general structure ITO/PEDOT:PSS/CH3NH3Pbls/PC70BM/AZO/Al which was
developed in house and has proven to be a reliable baseline for comparisons. Tuning of
the reference was conducted and studied using a variety of deposition and characterization
techniques to achieve PSCs with a good balance between efficiency and stability under

accelerated heat lifetime conditions under inert atmosphere.



2 THEORETICAL FRAMEWORK

2.1 Solar energy and photovoltaics

2.1.1 The rise of solar energy

Without a doubt oil and fossil fuels have revolutionized the way humanity has covered
its energy needs over the centuries. With a plethora of applications and energy needs
coverage such as transportation and heating, oil and fossil fuels have been the
predominant means for covering our energy needs over the years. Although the
advantages seemed to be many, the repercussions are also severe and are shown to worsen
every year. Fossil fuels are a finite source of energy on earth and its rabid consumption
over the centuries has rendered their supplies dangerously low over the last years as it can

be seen in Figure 2-1.
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Figure 2-1: World’s liquid fuel supply projection®

The thinning of the supply of fossil fuels has caused problems to surface. The most
obvious problem is the rising of oil and natural gas prices due to the high demand and
lower supply. This issue is made even worse due to morality issues such as war in

countries with high oil supplies, particularly in the Middle East.
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Figure 2-2: a) Extent of arctic ice meltdown, b) Photo of Shanghai in 2013. *

Another major issue that rose from the fossil fuels and oil is the heavy taxing these energy
sources have caused to the planet. Atmospheric pollution that led to the green-house effect
has caused the Earth’s temperature to rise continuously over the last years, which led to
the melting of arctic ice (Figure 2-2a) thus endangering several ecosystems. Furthermore,
atmospheric pollution has been so severe in several cities (Figure 2-2b) that will
undoubtedly have huge impacts in human health. Due to the issues previously mentioned,
research has been pushed towards the field of green energy. In its broader context, green
energy refers to the utilization of energy from renewable energy sources such as wind

power, solar energy, hydropower, geothermal energy and bioenergy.

Amongst the renewable energy sources previously mentioned, solar energy has been the
most popular. The sun is estimated to supply the Earth with 167 000 TW of power every
day. A percentage is lost by reflection back to space while another portion is absorbed by
the oceans to stabilize the ecosystem. On average, the usual energy consumption each day
is estimated to be ~ 20 TW. 2 As it can be seen, theoretically the sun provides more than

enough power to cover the average energy needs of humans each day.

Harvesting of solar energy and the concept of photovoltaics has been a main goal of
scientists and can be historically traced back to two centuries ago. The origin of the
photovoltaic effect was first discovered by Becquerel in 1840 by placing silver chloride
in an acidic solution, which upon illumination produced voltage through the connected
platinum electrodes.® The increase in conductivity of selenium was observed in 1873 by
the electrical engineer Willoubhy Smith and the flow of electricity upon illumination was

4



later proved by the British scientists William Grylls Adams and Richard Evans Day. 3
The first working photovoltaic cell was developed by Charles Fritts in 1883 by
incorporating selenium in between an iron plate and a semi-transparent gold electrode.
Fritts was also the first to connect several selenium modules together to make the very
first photovoltaic array. In 1922 Einstein was awarded a Nobel prize which among others
was dedicated to his discovery of the law of photoelectric effect. A breakthrough was the
discovery of the basis of modern solar cells, which is the P-N junction, in 1946 by Russel
Shoemaker Ohl. Drawing from the p-n junction theory, Daryl Chapin, Calvin Fuller and
Gerald Pearson, scientists working for the Bell Laboratories have fabricated a functioning
solar cell with 6% efficiency in 1954 paving the way for a new era of modern technology

and energy harvesting.
2.1.2 Conventional photovoltaic physics

As previously mentioned, the most basic form of a solar cell is based on a P-N-junction.
To understand the principles behind the operation of conventional solar cells, some basic
concepts of semiconductor physics should be introduced. In a semiconductor, the valence
band (Ev) is defined as the highest energy level occupied by electrons, conduction band
(Ec) is the lowest energy level not occupied by electrons and the band gap (Eg) is the
energy difference between E. and Ey, or in other words the energy needed for an electron

to get excited from Ey to E.

Conduction
Band

Ec A electrons
Eg
EV v 5. / holes

Valence
Band

*

Figure 2-3: Energy band diagram of a semiconductor *



A particularly important concept of semiconductors is also the Fermi level (Es), which is
defined as the ratio of filled energy states with electrons compared to the available energy
states. In general, energy states below Es are filled with electrons. In intrinsic (undoped)
semiconductors the number of electrons in Ec and holes in Ey are equal and Es lies in the
middle of Eg. To form a p-n junction, we first must have two doped semiconductors, n-
type and p-type. In the case of Si, n-type doping is usually achieved by introducing
impurities, such as phosphorus that function as electron donors, and therefore introduce
electrons to Ec. Subsequently, Er shifts towards Ec. The opposite happens when we
introduce impurities that function as electron acceptors, such as boron. Electrons are
extracted from E,, thus introducing excess holes, resulting in p-type doping. A p-n
junction is formed when an n-type semiconductor and a p-type semiconductor come in

contact as shown in Figure 2-4.
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Figure 2-4: Schematic of a p-n junction depicting the depletion region.*

At equilibrium, Es for both n-type and p-type semiconductors are aligned. Since we
introduce a region with excess electrons via the n-type semiconductors and a region with
excess holes via the p-type semiconductor, carrier movement is firstly governed by
diffusion. In detail, electrons diffuse from the n-type region towards the p-type region and
holes diffuse from the p-type region towards the n-type region. As a result, positive charge
starts to build towards the n-type region and negative charge builds towards the p-type
region, which forms an electric field with direction towards the positive charge that
started to build in the n-type region. This electric field causes electron drift in the opposite

direction of the field (from the p-type region to the n-type region) and holes drift from the
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n-type region towards the p-type region. At thermal equilibrium, the diffusion and drift
of carriers balance each other, effectively forming the depletion region, which is
completely depleted of holes and electrons and is the transition region between n-type
and p-type regions. The electric field of the junction arising from the exposed positive
and negative charges results in an electrostatic potential difference called the built-in
voltage (Vbi).

Sun has a surface temperature of ~5762K and it can be approximated as a radiating black
body. Photons that have sufficient energy greater than Eg can generate an electron-hole
pair. The radiation intensity that hits the Earth’s atmosphere is 1.353 kW/m?. ° The
spectral distribution is known as the air mass zero (AMO) radiation spectrum and the air
mass number is given by Equation (1) where 6 is the angle of incidence. A widely used
standard is AM1.5 with §=48.2°°

AM=1/cos (0)

2500
__— 5762 K black body
2000
E
5
g 1500
)
&
+ 1000
@D
2
o
&
500 |-
0
0.0 0.5 1.0 1.5 2.0

Wavelength (um)

Figure 2-5: Radiation spectrum of a black body at 5780K in AMO0 and AM1.5. *

When photons have sufficient energy (greater than Eg). Electrons can be excited from Ey
to Ec. The photo-generated carriers (electrons and holes) are swept by the built-in electric

field of the p-n- junction and can now move across the junction. By connecting an external



load, the photo-generated carriers can be collected and utilized for power. This process is
shown in Figure 2-6.

sunlight

VAL
p* .

Layer
photonic electron o

ext W

000000000000  ©

.
o photonic electror

Do ooooooogo f }\ excitation
Hole flow 7 T

Electric current flow

NV

Rioad

e o

Electron flow

a8 s >
LA LA R L LN
(AR L AR R A LR R N

o_\'l\>

Figure 2-6: Working principle of a simple p-n junction solar cell ©

2.1.3 Photovoltaic technologies

The photovoltaic technology has undergone tremendous advancements over the years
incorporating different structures, each with its own achievements and challenges. A
roadmap of the technology so far alongside the efficiencies achieved by each PV
technology are shown in the chart in Figure 2-7 which was adopted by the National
Renewable Energy Laboratory (NREL).”
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first generation involves thick crystalline Si films. This is no surprise since Si offers
tremendous advantages such as very high abundance in the Earth 8, non-toxic nature and
huge compatibility in a variety of industries such as integrated circuits, transistors,
MOSFETs etc. ® Monocrystalline silicon based films are cut from Si ingots that are grown
from small monocrystalline seeds. They have achieved high efficiencies in the order of
24.4 %, they require however Si of very high purity and often high temperature
fabrication techniques.'® In order to combat this issue, polycrystalline silicon films were
fabricated by random orientation of small Si crystals. Although the energy consumption
of the fabrication methods was not as high, the efficiency is also lower at 19.9%. ! GaAs
is also a strong candidate of this generation due to its wide potential of design option and
superior control over the generation and collection of electrons and holes, with

efficiencies ranging from 18.4-28.8 %.

In the second generation, the technology was focused on thin films with the aim to reduce
the high fabrication costs of the first generation with a compromise to reduced quality
and efficiency of cells. Noteworthy is amorphous silicon, although the absence of the
crystalline structure hinders the lifetime of such devices.*® Furthermore Coper indium
gallium selenide (CIGS) and cadmium telluride (CdTe) cells have achieved efficiencies
of 22.3 %3 and 21 %*! respectively.

The third generation is based on the idea of exceeding the Schockley-Queisser limit!4 and
fabricate cells that are often based on organic components, thus utilizing solution-
processed techniques, effectively reducing the fabrication costs even further as well as
providing mechanical flexibility to the cells. Several technologies have already been
incorporated, including dye sensitized solar cells (DSCs), organic photovoltaics (OPVs),
qguantum dot solar cells and perovskite solar cells (PSCs). Multi junction tandem cells are

also included in this generation, utilizing semiconductors with different band gaps.

The fourth generation of PVs consists of novel ideas such as 2D graphene and its
derivatives and carbon nanotubes. It combines the solution processed techniques of the

third generation with nanomaterials to improve the charge dissociation and transport. *°
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2.2 Hybrid organic-inorganic Perovskite solar cells

2.2.1 Crystal structure

Organic-inorganic perovskite solar cells have been the center of attention for PV
technologies over the last years. As previously mentioned, they belong in the family of
3" generation of solar cells. Their name was originated from the mineral CaTiO3z which
was discovered in 1839 and is named after Count Lev Alekseevich Perovski. ° The
mineral forms a crystal structure consisting of TiOs octahedral, with the Ca occupying
the central cavity of a single cell. Similar to the mineral, organic-inorganic perovskites
adopt a very similar crystal structure which can be summarized by the formula ABX3
where A is the organic cation, B is the metal ion and X is the halogen atom. A
conventional perovskite structure would consist of the organic methylammonium cation
CH3NH* (MA), the metal element Pb?and the halogen I-, which would form a perovskite
with the formula, CH3NHsPbls, known as methylammonium lead iodide (MAPI). °
Similar to the crystal structure of the mineral CaTiOs, the crystal structure of MAPI
adopts a crystal structure with BXg octahedral with A located in the cavity between 4 BXe

as shown in Figure 2-8.

Figure 2-8: Representation of the perovskite crystal structure ¥/

The crystal structure of the perovskite can be modified by introducing different ions with
various ionic radii in the position of A, B or X which can severely affect the properties

and stability of the perovskite crystal structure. The stability and distortion of the crystal
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structure can be described by taking into consideration the tolerance factor “t” which is
calculated using equation (2), where Ra, Ry and Ry are the ionic radii of the corresponding

ions.
t= (Ra+tRy)/N2 (Rp+Ry) (2)

Depending on the value of “t,” the perovskite can exist in three different crystal phases:

cubic, tetragonal and orthorhombic, as shown in Figure 2-9.

| | 1
| I I

Cubic Tetragonal Orthorhombic
t~1 09<t<08 t<08

Figure 2-9: Perovskite crystal phases in regards to the tolerance factor. 8

The first crystal phase that can exist in a perovskite crystal is the orthorhombic phase up
to a temperature of T<165 K. ¥ When the temperature exceeds 165 K, the cations are no
longer in a fixed position and the crystal phase shifts towards the tetragonal orientation,
which can be maintained in a temperature range of 165 K<T<327K. When T>327 K the

crystal orientation shifts towards the most stable and usually favorable cubic phase. 2°
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2.2.2 Working principles

Perovskite-based absorbers have been initially used as sensitizers for mesoporous TiO>
in Dye sensitized solar cells, exhibiting a poor efficiency of 3.8% and stability due to the
rapid degradation of MAPI from the liquid electrolyte. 2* The first properly functional
solid state perovskite-based solar cell (PSC) utilizing an organic HTL and mesoporous
architecture, which is later discussed in this report, exhibited an efficiency of 10.9 % as
well as improved stability. 2> Although PSCs can be fabricated based on different
architectures, which are later discussed in this report, they all share the same fundamental

working principles and attributes that sets them apart from other PV technologies.

In its simplest form, PSC-based devices are fabricated using solution-processed
techniques and incorporate a transparent conductive oxide (TCO), which is usually FTO
or ITO, the metal electrode, the active layer absorber and the two charge selective contacts

(HTL and ETL) as shown in Figure 2-10.
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Figure 2-10: Energy level diagram showing charge generation and collection in PSCs 7

As it can be seen form Figure 2-10, the perovskite active layer lies in between the ETL
and HTL. When a photon has energy higher than E4 of the perovskite active layer, an
electron-hole pair is formed, like the physics of conventional PVs. The electron is excited
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from the HOMO to the LUMO of the perovskite, leaving a free hole to the HOMO of the
perovskite. As previously mentioned, the active layer is “sandwiched” between the ETL
and HTL. The ETL is responsible for the efficient collection of electrons while the HTL
for the efficient collection of holes. To have efficient collection of carriers in general, a
layer should energetically favor the passage of a certain carrier type while simultaneously
blocking the opposite carrier type. This is achieved by correct choice of layers in terms
of type (n-type for ETL and p-type for HTL) while also having compatible energy levels
or work functions with the HOMO and LUMO of the perovskite active layer. The
performance of the PSC can be tuned by combining several materials when forming the
ETL and HTL.

The hybrid organic-inorganic nature of PSCs gives a unique nature to this PV technology
with its own set of advantages and disadvantages. Only Pb and the halogen ions contribute
to the HOMO and LUMO of the active layer, while the organic cation only contributes to
the crystal structure.r” Thus by changing these ions, we have a high amount of tenability
for the Eg of the active layer as well as the stability of the device.?® In the case of the
conventional MAPI, Eg=1.55 eV. MAPI also exhibits a large absorption coefficient in
the visible range (~10° cm™) 2* which ensures a generation of large number of photo-
excited carriers even when using small thickness for the perovskite active layer. % A very
attractive attribute of PSCs is the low exciton binding energy, in the range of a few meV
26 27 which effectively ensures the formation of free charges while practically bypassing
the exciton state, which is the bound state of an electron and a hole with electrostatic
Coulomb forces, which leads to the high efficiencies reported for PSCs. Furthermore, the
charge mobilities are remarkably high (8 cm?V-1S™) considering the solution processed
nature of the materials used. The high charge mobility and low bimolecular recombination
exhibited leads to charge diffusion lengths that can exceed 1um. 2 Even though PSCs
exhibit tremendous advantages they also suffer from sever drawbacks that set them back
from commercialization. The biggest issue with PSCs is the poor stability under
environmental conditions, especially humidity, which can distort the crystal structure and
alter the photoactive properties of the devices. This concept is discussed in detail later in
this report. Furthermore, in all the basic structures, metallic Pb is present in the crystal,

which renders PSCs unsuited for commercialization due to its toxic nature. It is also worth
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mentioning that the fabrication conditions of PSCs are challenging to be controlled
properly, which leads to poor reproducibility of devices.

2.2.3 Device structures

PSCs are usually fabricated following two common structures: a) mesoporous, b) planar.
Two subsequent categories that can be adopted are normal and inverted structures
depending on the position of the ETL and HTL accordingly (see Figure 2-11).

l’tl‘()\';kitt
o'.o. kg
Mesopotous TiO/AL
LA Ql’o-

n-type layer TiO, n-type layer (TiO,, Sn0O,) p-type layer (PEDOT:PSS)

. Perovskite Perovskite

FTO L F10

Figure 2-11: Perovskite solar cells architectures showing a) Mesoporous, b) planar normal, c) planar

inverted structure.'®

Mesoporous structures initially follow the conventional PSC device architecture, thus
consisting of a TCO (FTO/ITO) and a compact ETL (usually TiO). The most interesting
concept of this structure lies on the absorber, where a mesoporous oxide layer
(TiO2/AlL03) lies between the ETL and HTL. This allows the perovskite crystals to adhere
into the mesoporous oxide. The structure is followed by the HTL (usually spiro-
MeOTAD), and metal electrode as described previously. Through the adhesion process
of the perovskite crystals into the mesoporous oxide layer increased surface area is
achieved for photo generation 2°, thus favoring the PCE of the devices. The pore filling
effect highly affects the performance of the device. * Although the incorporation of the
mesoporous oxide layer allows PSC devices to achieve high PCEs with minimal
hysteresis in the J/V plot, it also renders the deposition of the active layer relatively
challenging. 3
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Compared to mesoporous structures, planar structures offer a much simpler structure,
with the active layer being enclosed between the ETL an HTL forming two different
interfaces accordingly. The simple architecture employed renders planar PSCs a more
appropriate candidate for commercialization compared to mesoporous structures by
providing compatibility with tandem technologies and large scale fabrication processes.
16 Planar perovskite solar cells can be divided into normal n-i-p structure, where the ETL
lies on the bottom of the device and the HTL on top (Figure 2-11b) and inverted p-i-n
structure where the HTL lies on the bottom of the device and the ETL on top (Figure 2-
11c). Similar to mesoporous structures, n-i-p planar structures use the conventional TiO:
as the ETL and spiro-MeOTAD as the HTL. Although planar n-i-p structures offer
improvements in Voc and Jsc, compared to mesoscopic structures, they also exhibit more
severe hysteresis effects.’® A hysteresis effect in PSCs is a serious issue exhibited by this
technology and is closely related to the ionic-electronic conduction PSCs as well as
dynamic trapping-detrapping of charges.?® As we have previously introduced, halogen
ions are usually present in the perovskite crystal. These halogens ions are quite mobile
and can easily diffuse primarily across the grain boundaries of the perovskite. One of the
most mobile ions is I" due to its small activation energy (~0.29 eV), high concentration
gradient (10% cm™) and fast diffusion coefficient (3.1x10° cm?st). 32 The diffusion of
mobile ions is not only responsible for the hysteresis effects of PSCs but also a crucial
factor contributing towards the poor stability. Inverted p-i-n structures usually utilize
PEDOT:PSS as the HTL , although it has been recently replaced with inorganic layers
that will be later discussed, and PCsoBM as the ETL. It is worth noting that fullerene
derivatives such as PC[60]BM not only serve as an ETL for p-i-n structures, but they also
passivate the grain boundaries of PSCs, effectively improving the overall performance of
the device. *% Inverted p-i-n structures offer high PCE, flexibility, low temperature
processing and negligible hysteresis effects.’® Between the different architectures the
highest certified PCE is achieved using a normal structure with a PCE of 25.5 %.3* while

recently tandem architectures with Si have reached certified PCE of 31.25%.%°
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2.2.4 Instability mechanisms

As previously mentioned in this report one of the major drawbacks in commercialization
of PSCs is the poor stability that usually the devices exhibit. PSCs can rapidly degrade
under environmental conditions such as humidity, light and heat. The inherent instability
to moisture of the perovskite is particularly problematic since it can destroy the crystal
structure and severely affect the device performance. The degradation mechanisms under
moisture exposure of the conventional MAPI can be described by the following equations,

which were adopted by Wang et. al.>

CHsNH3Pbls (s) <—> Pbl; (s) + CHsNHsl (aq) (3)
CHsNHsl (ag) <—> CHsNH: (ag) + HI (aq)  (4)
4HI (aq) + Oz (g) <+ 2I2(s) + 2H20 (1) (5)
2H1 (aq) <> H2(9) + 12 (5) (6)

The hygroscopic nature of MA 3" causes the MAPI crystal structure to readily absorb
water. The hydrogen bonds between organic and inorganic components of the perovskite
crystal is therefore severely affected ® and can cause the crystal structure to deteriorate.
The first stage of decomposition is described by equation (3), where the loss of MA cation
causes the crystal structure of MAPI to fail, resulting in the formation of Pbl, and
CHasNHBzl. The formation of Pbl> is very apparent from the color change of the perovskite
film from shiny black to yellow. CH3NHzl can further decompose to CH3NH> and HI
described by equation (4). HI can either follow the reaction in equation (5) and react with
oxygen, thus forming water that further promotes the decomposition of the perovskite
crystal or the reaction in equation (6). 3 Improvement towards the humidity stability of
PSCs has been reported through various methods such as incorporation of buffer layers
or modification of the perovskite active layer that will be later discussed in this report.
Shielding the perovskite active layer from humidity, and therefore, improvement in
device lifetime has been reported through the usage of hydrophobic layers such as thiols
40 and inorganic bilayers like cerium oxide (CeOx)**. Recently a study has suggested that
using long chain alkylammonium cation based 2D perovskites as an encapsulation

method for 3D perovskite can substantially improve the moisture stability with the
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degradation starting a couple of minutes after the films were submerged in water for 5

minutes. *2

The instability of PSCs under light exposure is only prevalent in the presence of
atmospheric oxygen. The equations describing the degradation mechanism were adopted

from Avristidou et. al.*®

CH3NH3Pbls + Light —» CH3NH3Pbls ™ (7)
CH3NH3Pblz * + O, — Oy 8
CH3NH3sPblz + O — CH3NH2 + Pbl, + %4l + H20 (9)

As indicated in equation (7) the perovskite undergoes a photo-excited state upon
illumination, causing photo-generated electrons to occur. The photo-generated electrons
can react with atmospheric oxygen to form superoxide (O2") as shown in equation (8). Oz
can in turn deprotonate the MA cation by reacting with the free H* of the cation. This has
as a result the decomposition of the perovskite crystal, and formation of Pbl, shown in
equation (9). * Furthermore, TiO; that is often used in normal structures is inherently
unstable to UV due to desorption of oxygen from the oxygen vacancies of TiO2 induced
by photo-generated holes. This has as a result the unoccupied deep surface traps that
contribute to the instability of PSCs. *° Several ideas have been proposed to improve the
light stability of PSCs such as replacing the MA with a less acidic cation %¢ such as
formamidinium (FA). Replacing TiO2 with other HTLs such as CuSCN #” and Ta-WOx?®.

As previously stated in this report, temperature can have a significant effect on the
perovskite crystal orientation and stability. It was reported that even at N> atmospheres
the perovskite layer can decompose to Pblz, with the atmosphere severely affecting the
decomposition rate (ambient atmosphere being the most affecting). *¢ The decomposition

mechanism to Pbl, is shown in equation (10), adopted by Wang et. al. %

CH3NHz3Pblz + heat — ChsNH2 + Pbl, + HI (10)

Several attempts have been made to push improve the thermal stability of PSCs, however
the research in this area is still quite scarce. By replacing the MA cation with FA the
tolerance factor t was closer to unity, thus giving the perovskite improved chemical
stability under accelerated temperatures. *° Furthermore, the commonly used spiro-
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MeOTAD has been reported exhibits a state change at elevated temperatures, which
reduces the hole mobility. These issues can be tackled by using the thermally stable NiO
and PCBM materials as the HTL and ETL, respectively. *° It was also reported that the
perovskite active layer was damaged by the metal electrode interaction. It was inferred
that temperatures as low as 70 °C can cause Au metal migration towards the active layer.
The migration of Au can be blocked by incorporating a Cr interlayer between the Au
metal electrode and HTL layer as reported. ! Recently the thermal stability of PSCs was
improved via passivation of surface traps on the active layer using the Lewis base
triphenylphosphine (TPP), retaining 70% of the initial PCE under 85°C and 10%
humidity. 2

As we have previously stated, PSCs are mixed electronic/ionic conductors. The low ionic
activation energies stated before can cause severe problems towards the overall stability
of the devices. The diffusion of ions and particularly I can also be accelerated by
conditions such as heat, bias and illumination. The major diffusive pathway for ions has
been the grain boundaries of the perovskite active layer where they can easily reach the
top electrode of the device and eventually reach the metal electrode. This can cause severe
repercussions to the device due to the reactivity of metals with halogens, thus altering the

energetic properties of the device and affect the device performance.
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2.2.5 Active layer engineering

As it was previously mentioned in this report, PSCs have a crystal structure which is
highly modifiable. Considering the ABX3 abbreviation, organic cation A, metallic atom
B and halogen X can be interchanged with several elements to influence the tolerance
factor T and Eg of the device, thus affecting both the stability and PCE. In recent works
the replacement of MA with FA has been studied. There are a couple of attractive features
FA can offer as a replacement of MA. FA can form stronger hydrogen bonds with the
Pbls octahedral® and is a larger cation with a size of 2.53 A compared to MA which is
2.17 A. The bigger size of the cation pushes the tolerance factor to a value of 1=0.99
compared to t=0.91, which allows the perovskite crystal to adopt a more stable cubic
structure >* while also expanding the lattice® and changing the octahedral angle. > FA
can effectively decrease Eq from 1.59 eV to 1.49 eV *° when it replaces MA, which
enables more efficient photo-generation of charges. Furthermore, incorporation of FA has
shown to improve the thermal stability of PSCs 23 as well as stability under light due to
the less acidic nature of FA. " Unfortunately moisture stability of FA is inferior to MA
%8 due to the tendency of FA to shift into B-phase (yellow) from a-phase (black) even at
room temperature as well as the tendency to decompose into ammonia. *° In order to
stabilize the black phase of FA, Cs was introduced into the crystal lattice. This has shown
to improve both the humidity and thermal stability ¢ of PSCs as well as under continuous
illumination.® The current state of the art for A cation is achieved by incorporating triple
cation (MA/FA/Cs) 52 and quadruple cation (MA/FA/Cs/Rb) formulations in order to
combine the different advantages of each formulation, effectively achieving PCE~20 %

and good overall stability. 3!

Apart from the A site cation, efforts were done to replace Pb from the B site with a less
toxic alternative. So far lead-free PSCs were fabricated by replacing Pb with Sn. However
due to the tendency of Sn* to be oxidized to the more stable Sn** & the stability of PSCs

incorporating Sn is a lot inferior to the ones with Pb. %4 5,

The halogen X site of the perovskite ABXz crystal structure can also be modified to alter
the overall performance of PSCs. Br- and CI have been incorporated to replace the more
conventional 1" due to their smaller ionic radius. ® The humidity stability of PSCs was
shown to be improved from the incorporation of both Br~ and CI™ due to the crystal shift
from tetragonal to cubic phase. >*¢7 Incorporation of CI- was also shown to improve the
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perovskite film crystallinity and coverage. ®® Chemical stability of the perovskite crystal
was also was also achieved by the incorporation of pseudo-halogen ions such as SCN-,
which was reported to form strong hydrogen bonds with MA™ and strong ionic interaction

with Pb?*, thus offering better humidity and thermal stability.5°

A more novel approach towards the modification of the perovskite active layer is the
concept of 2D perovskite. This is achieved by the insertion of large cations such as
phenylethylammonium (PEA*) and butilammonium (BA*) into the perovskite crystal, as

shown in Figure 2-12.

U

R

Figure 2-12: Schematic of a 2D perovskite with the inset showing a PEA* cation. 7

A 2D structure is achieved due to the controlled dimensionality of the perovskite crystal
initiated by the PEA* cation. "* Although the 2D perovskite approach offers the possibility
of fabricating films with high compactness and thus offering improved stability 2, the
PCE of the devices is reduced due to an increase of Eg to ~2.1 eV compared to ~1.5 eV
which is usually offered by conventional 3D perovskites.

Another method to improve the crystallinity and mechanical stability of PSCs is via the
use of additives. In general, additives form ion bonds with uncoordinated Pb?* and
hydrogen bonds between the additive, cation and halogen. Thus, iodide vacancies and
other defect traps can be passivated and the performance of PSCs can be improved. ® A

recent approach was to incorporate n-propylammonium chloride (PACI) instead of
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methylammonium chloride (MACI) as an additive for FAPDbIz based PSCs. Improved
PCE was achieved due to the grain boundaries passivation by the PACI due to its large

jonic size. ™

2.2.6 Electrodes engineering

As previously described charge selective contacts are vital to ensure efficient performance
for PSCs. A variety of HTLs have been recently used, which apart from carrier selectivity
also affect the morphology of the perovskite active layer if they are used in p-i-n inverted
structures. A variety of materials have already been incorporated as HTLs. Small
molecules, such as the popular spiro-MeOTAD offer high purity and reproducibility. ™
Although high PCEs have been reported with spiro-MeOTAD, usually doping with Li-
TFSi is an essential step to improve hole mobility and suppress charge recombination. "
The hygroscopic nature of Li-TFSi has unfortunately hindered prolonged usage of this
dopant due to poor moisture instability. *® Thus doping free HTLs have been recently
incorporated such as TTF-1 8. A popular alternative to small molecules is conductive
polymers, such as the widely used PEDOT:PSS 77, which unfortunately due to its
hygroscopic nature is very limiting in terms of offering good stability, especially under
humidity exposure. ’® PEDOT:PSS can be replace by P3HT ’® and more recently by
PTAA 8 which has also reported one of the highest PCEs (22.1%) for PSCs. & Due to
their low cost, high chemical stability and good hole mobility, inorganic HTLs have also
been successfully incorporated. A few examples include NiOx, 8 & CuO, 8 CuSCN &
and the more recent CUAIO;, 8 CuGa02 #" and NiC0204. # +# One of the most novel
technologies employed for PSCs is the incorporation of graphene-based HTLs which,
although they have reported lower PCEs compared to other HTLs they show respectable
advances towards the stability of PSCs. A few examples are single welled carbon
nanotubes (SWNTs) embedded in an insulating polymer matrix which can effectively
retard the ingress of moisture in the active layer as well as improved thermal stability®
and reduced graphene oxide (RGO) which has shown improved conductivity and
stability. %

One of the very first ETLs used in PSCs is TiO> as already mentioned. Even though TiO-

offers a quite popular choice due to its favorable energy levels, and long electron
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lifetimes, 2% its inherent instability under UV exposure due to the electronic trap states
has hindered it as sustainable choice for ETL. Modifications to TiO2 such as doping with
Al have shown to reduce the oxygen defects of TiO> and improve both PCE and stability.
% Furthermore, Sh2Ss was reported as an efficient interlayer between TiO, and MAPI to
improve the photo stability by isolating the two layers.® As a replacement to TiOz, SnO;
has shown excellent properties as an ETL due to its large Eg (~3.6 eV), high electron
mobility %and improvements towards both humidity and thermal stability. ®” Fullerene
and its derivatives have been one of the most popular choices as an ETL for p-i-n inverted
structures. As we have previously mentioned, fullerenes such as PCBM can effectively
passivate the grain boundaries of PSCs, thus effectively improving both PCE and
stability. 3 Furthermore they offer favorable energy level alignment and good electron
mobility which was reported to be further improved through doping with N-DPBI due to

the reduced number of defect states.%

Metal electrodes also play an especially significant role towards the overall stability of
PSCs. Common metal electrodes include Al, Ag, Au and Cu. Al is considered one of the
least favorable choices due to the inherent instability from environmental conditions.
Although Au is the most inherently stable from the metals mentioned above, its
prohibitive cost renders it a non-practical choice for such applications. Furthermore Au
has shown to be able to diffuse towards the perovskite active layer at temperatures as low
as 70°C. °* Even though Ag is a much cheaper solution compared to Au, it is quite reactive
with halide ions such as I and CI- which can quite easily diffuse through the grain
boundaries of the perovskite crystal and corrode the metal electrode. 1° Recently, Cu was
shown to be a very attractive candidate since it is less reactive with halide ions compared
to Al and Ag, with PSCs reaching PCE=20% and retaining almost 98% of the PCE even
after 816h under ambient conditions. *° Stability of over 2000h was also reported in un-
encapsulated PSCs in the dark under ambient conditions by utilizing a low temperature
carbon electrode. 1% A figure summarizing the most popular electrodes and active layers
for PSCs is shown in Figure 2-13 which was adopted by Chueh et. al. 3 Carbon electrodes
have been recently explored as an alternative to metal electrodes as well. By optimizing
the thickness of carbon electrode to balance its flexibility and conductivity, a recent study
has reported PSCs with PCE=20.04 % and excellent stability. 1
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3 MATERIALS AND METHODS

3.1 Materials

3.1.1 Substrates

ITO patterned soda lime glass purchased from Psiotec Ltd. were used as substrates for
device fabrication. The specific parameters of the substrates are as follows: 14.8 x
14.8mm dimensions, 1.1 mm glass thickness, ITO sheet resistance 4-5 Q/sq, ITO
thickness 200-300 nm, ITO transmittance >85 % in the visible light spectrum. The

schematic of the ITO pattern as well as the device active area are shown in Figure 3-1.

device area 9mm?

14,8mm

Figure 3-1: ITO pattern schematic on top of soda lime glass showing the device area (Yellow squares)

3.1.2 HTL precursors

e PEDOT:PSS Al4083, purchased from Clevios

o Nickel (II) hexahydrate (>98.5 %), purchased from Sigma-Aldrich

e Copper (I1) nitrate trihydrate (99 %), purchased from Sigma-Aldrich

e Acetylacetone (>99 %), purchased from Sigma-Aldrich

e [-alanine (99 %), purchased from Sigma-Aldrich

e 2-methoxyethanol anhydrous (99.8 %), purchased from Sigma-Aldrich
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3.1.3 ETL precursors

e PC70BM>99 %, purchased from Solenne BV

e Aluminium doped zinc oxide (2.5 wt%, Al:ZnO in 2-propanol) (AZO), purchased
from Avantama (former Nanograde)

e Chlorobenzene anhydrous 99.8% (CB), purchased from Sigma-Aldrich

e Iron (111) chloride hexahydrate (FeClz.6H20, >97%)

e Oleylamine (85%), purchased from Sigma-Aldrich

e Sodium oleate (80%), purchased from Sigma-Aldrich

e Oleyl alcohol (85%), purchased from Sigma-Aldrich

e Diphenyl ether (99%), purchased from Sigma-Aldrich

e N,N-dimethylformamide (DMF, 99.9%), purchased from Sigma-Aldrich

e Acetone

e Acetonitrile (99.9%), purchased from Sigma-Aldrich

e Hexane (95%), purchased from Sigma-Aldrich

e Toluene (99.7%), purchased from Sigma-Aldrich

e Absolute ethanol (98%), purchased from Sigma-Aldrich

e 4-(2,3-Dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-N, N-dimethylbenzenamine
(98 %), purchased from Sigma-Aldrich

e Nitrosonium tetrafluoroborate (NOBF4, 97%), purchased from Acros Organics

e Bathocuproin (98 %), purchased from Alfa Aesar

3.1.4 Active layer precursors

The precursors for the perovskite active layer were:

e Methylammonium iodide 99%, purchased from Greatcell Solar

e Lead (Il) iodide, 99.999%, purchased from Alfa Aesar

e y-butyrolactone, purchased from Sigma-Aldrich

e Dimethyl sulfoxide anhydrous 99.9 % (DMSOQO), purchased from Sigma-Aldrich

e 1201 perovskite ink (for Nitrogen processing), purchased form Ossila Ltd.
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3.1.5 Metallization and encapsulation

The following materials were used for metallization and encapsulation:

e Aluminium cylindrical pellets 99.999%, purchased from GoodFellow
e Copper cylindrical pellets 99.9999%, purchased from Kurt Lesker
e E131 UV curable epoxy, purchased form Ossila Ltd.

3.2 Processing techniques

3.2.1 Spin coating

Spin coating is a widely used deposition technique in the field of solution processed
electronics. The substrate is kept at a fixed position in the middle of a chuck with the help
of a vacuum. The chuck alongside the substrate is then spun with a fixed rotational speed
and the required solution is dispensed on the rotating substrate either prior (static) or while
(dynamic) the substrate is spinning. The rotation causes radial liquid flow, while the air
flow facilitates the evaporation of the solvent, thus resulting in the formation of a
homogeneous film on the substrate. The spin coating process is shown in Figure 3-2. The
parameters that can affect the film thickness are rotational speed, rotation time, solvent

drying kinetics and concentration of the solution.

Airflow
Radial Radial
liquid flow - =< . liquid flow
&m " & Buponion & 7O wmp

a) Angular velocity

Figure 3-2: a) Spin coater schematic, b) spin coater system installed in MEP labs 1%
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3.2.2 Doctor blade

Like the spin coating technique, Doctor Blade offers an alternative deposition technique
that also has the advantage of being up scalable. A solution is place between a metal blade
and the substrate that we wish to coat. After a specific volume of solution is placed
between the blade and the substrate, the blade is moved across a heating plate and passes
on top of the substrate, thus coating it and forming the film. The parameters that can affect
the thickness of the film are blade height, blade moving speed, temperature of the hot
plate and concentration of the solution. The Doctor Blade process is shown in the

schematic of Figure 3-3.

apejq J00Q

Wet film

Substrate

A Hot plate

Figure 3-3: a) Schematic of Dr. Blade, b) Dr. Blade system installed in MEP labs 1%

3.2.3 Thermal evaporation

In thermal evaporation the material to be deposited in the substrate is placed in a heated
boat up to its boiling or sublimation point under vacuum (~10° mbar) to avoid
contamination. Vapors are created from the material placed on the boat which condense
in the surface of the substrates which are rotating via a holder. An oscillating quartz
crystal is used to control the deposition rate and final film thickness. The schematic

showing the working principle of thermal evaporation is shown in Figure 3-4.
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R — Substrate holder
Mask XTI

Crystal detector

Vacuum chamber —————»i

Gas liberated from the evaporant

Boffle N | Tungsten boat

a) To pumping system b)

Figure 3-4: a) Schematic diagram of thermal evaporator b) thermal evaporator system installed in
MEP labs %

3.3 Device fabrication

3.3.1 Substrate cleaning

The ITO coated substrates are thoroughly cleaned using acetone and isopropanol. The
substrates are placed in an ultrasonic bath and undergo an additional cleaning step in the
presence of acetone for 10 minutes, followed by ultrasonic bath sonication in isopropanol
for an additional 10 minutes. The substrates are then dried using dry air and then placed
at a hotplate at 120 °C for 2 minutes.

3.3.2 HTL deposition

PEDOT:PSS deposition: The PEDOT:PSS solution is filtered using a PVDF filter with
0.22 um pore size and then stirred as described in the Materials section. The solution is
then deposited on the substrates using the spin coating technique by placing 45 pL volume
of solution dynamically in the spinning substrate at 6000 rpm for 30s. The films are then
annealed on a hotplate at 150 °C for 10 minutes. Final film thickness is estimated at ~50

nm.

Cu:NiOy deposition: Combustion synthesis of Cu:NiOy, 0.95 mmol of Ni(NO3)2-6H20
and 0.05 mmol of Cu(NOs3)2-3H20 were dissolved in 2.5 mL 2-methoxyethanol. The
solutions were stirred at 50 °C for 1 h., then, 0.1 mmol of acetylacetone was added to the
solution, and the whole solution was left for further stirring for 1 h at room temperature.

The Cu:NiOx films were coated using Doctor Blade with a blade speed of 5 mm/s and a
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plate temperature of 85 °C. The films were annealed at 300 °C on a hot plate for 1 h in

ambient atmosphere

S-alanine deposition: Different concentrations of B-alanine (30, 10, 8 and 6 mg/ml) were
prepared using deionized H20, and the pH was adjusted to 4.2 with 1M HNOaz. The
solution was stirred at room temperature for 30 min. For the surface treatment, the p-
alanine solution was drop-casted on the Cu:NiOx films and were left to adhere for 5 min.
Following that step, the spin coating process was initiated on the Cu:NiOx layer at 6000

rpm for 40 sec. The B-alanine-treated films were annealed at 100 °C for 10 min.
3.3.3 Active layer deposition

CH3NH3sPblz formulation: The process is executed entirely inside a N2 filled glovebox.
A solvent of GBL:DMSO (7:3 M) is prepared. For the perovskite precursors MAI:Pbl,
(1:1) is prepared in a separate UV blocking vial. The final solution is used by using 1 ml
of the prepared solvent in the MAI:Pbl, mixture. The solution is left for stirring at 60 °C
inside the glovebox for 1hour. The solution is then filtered using a PVDF filter with a
pore size of 0.22 um. The deposition of the perovskite is carried out via spin coating by
statically dispensing 60 pL of solution. The coating is conducted in a 3-step process: step
1- 500 rpm for 5s, step 2- 1000 rpm for 45s, step 3 -5000 rpm for 45 s. After 20s have
passed when step 3 was initiated, 0.5 ml of toluene are dropped in the spinning perovskite
film to start the crystallization process. The perovskite films are then annealed at 100 °C

for 10 minutes inside the glovebox. Final film thickness is estimated at ~300 nm.

CHsNH3Pblz«Cly formulation: The 1201 ink is heated on a hotplate at 70°C for 2 hours
inside a glovebox. The solution is left to cool down at room temperature prior to using it.
The perovskite films are fabricated via spin coating using a solution volume of 30 uL
dynamically dispensed at 4000 rpm for 30 s. The films are then annealed at 80 °C for 2

hours. The estimated film thickness is ~300 nm.
3.3.4 ETL deposition

PC70BM deposition for 70 nm film thickness: A solution of concentration 20 mg/ml by
dissolving 20mg of PC70BM in 1ml of CB and was left overnight in a hotplate at 60 °C.
The film was fabricated using spin coating by dropping 35 uL of the solution on top of

the perovskite layer at a speed of 1000 rpm for 30s.
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PC7BM deposition for 200 nm film thickness: A solution of concentration 50 mg/ml by
dissolving 50mg of PCBM in 1ml of CB and was left overnight in a hotplate at 60 °C.
The film was fabricated using spin coating by dropping 20 uL of the solution on top of
the perovskite layer at a speed of 1000 rpm for 30s.

N-DMBI doped PC70BM film deposition: N-DMBI solutions of various concentrations to
achieve the required doping concentrations were prepared in CB and left overnight under
stirring and 60 °C. The solutions were then mixed with the PC70BM solution the next day.
The film was fabricated using spin coating by dropping 20 pL of the solution on top of
the perovskite layer at a speed of 1000 rpm for 30s.

AZQ deposition: The AZO solution is stirred for ~1 hour. The deposition is conducted
inside the glovebox by dropping 30 uL of the solution on top of the PCBM films at a
speed of 1000 rpm for 30s, achieving a film thickness of 100 nm.

Synthesis of y-Fe>Os NPs: Iron oxide NPs with an average diameter of ~5 nm was
prepared using the following method. FeCls.6H20 (5.4 g, 20 mmol) and sodium oleate
(18.25 g, 60 mmol) were added to a mixture of ethanol (40 mL), deionized water (30 mL),
and hexane (70 mL). The mixture was refluxed at 70 °C for 4 h, then the upper brown
hexane solution containing iron—oleate complex was separated, washed three times with
deionized water (50 mL), and dried under vacuum at 60 °C for 12 h, yielding a dark
brown, oily iron oleate complex. Finally, iron oleate complex (10.8 g) was dissolved in
60 g of diphenyl ether with the addition of oleyl alcohol (19.4 g). Under N2 flux, this
mixture under stirring was heated to 105 °C at a ramp rate of 2 °C min™ and kept for 10
min at this temperature to eliminate H>O and adsorbed O». After that, the mixture was
heated to 220 °C at a ramp rate of 2 °C min™ and the reaction could proceed for 20 min at
this temperature. The resulting black brown nanocrystal solution was cooled to room
temperature naturally. Then, the Fe.Os NPs were precipitated with 50 ml acetone
followed by centrifugation at 14.500 rpm for 20 min and redispersed in hexane to form a
stable colloidal solution (10 mg mL™?).

Preparation of ligand-stripped y-Fe,Os NPs: The surface of Fe2Oz NPs was modified
with NOBF; using a ligand-exchange reaction. Briefly, equal volumes (5 mL) of colloidal
Fe>O3 NPs in hexane and 0.01 M NOBF; in acetonitrile were mixed and the resulting

mixture was kept stirring at room temperature until the NPs were transferred to the
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acetonitrile phase (typically within ~1 h). The BF4~ capped Fe>O3 NPs were then collected
by precipitation with toluene followed by centrifugation, dried under vacuum at 40 °C for

12 h, and dispersed in ethanol to form a stable colloidal solution (5 mg mL™).

y-Fez0s film deposition: The y-Fe,O3 NPs dispersion (5 mg L™ in ethanol) was
dynamically spin coated at 3000 rpm for 30 s on top of the PC70BM films inside a
glovebox to form a ~20 nm y-Fe>Oz film.

BCP film deposition: BCP was deposited using thermal evaporation at a rate of ~0.2 A
using a shadow mask under a pressure of 10" mbar. The final thickness of BCP electrode

Is estimated at 7 nm.
3.3.5 Metallization and encapsulation

Al evaporation: Al metal electrode is evaporated at a rate of ~2 A using a shadow mask
under a pressure of 10- mbar. The final thickness of the Al metal electrode is 100 nm. The
active area of the devices is defined using the shadow mask, thus achieving a device area
of 0.9 mm?,

Cu evaporation: Cu metal electrode is evaporated at a rate of ~2 A using a shadow mask
under a pressure of 10- mbar. The final thickness of the Al metal electrode is 100 nm. The
active area of the devices is defined using the shadow mask, thus achieving a device area
of 0.9 mm?,

Encapsulation: After evaporation, the encapsulation is performed using the E131 epoxy
and a glass coverslip. The epoxy is placed in the middle of the substrate, ensuring
coverage of the whole device area while avoiding direct contact of the epoxy with the
contacts. The substrates are then exposed to UV irradiation of 365 nm inside the glovebox

for 2 minutes to cure the epoxy.

3.4 Characterization techniques

3.4.1 J/V characteristics

To evaluate the performance of any solar cell the J/V characteristics are analyzed. The

JIV plots were taken using a Botest LIV functionality test system with 10mV step size
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and 40 ms step time. As a light source a Newport solar simulator equipped with 150W
Xe lamp was used, providing AM 1.5G and 100 W/cm? power as measured by a certified
Oriel 91150 V calibration cell. Prior to each measurement a shadow mask was attached
to the substrates to correctly define the 9 mm? device area. Several PV parameters can be
extracted both from the JV plot as well as considering the equivalent circuit model for a
solar cell, shown in Figure 3-5.
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Figure 3-5: a) Equivalent circuit mode for solar cells 4 b) J/V plot of a solar cell 1%

Under dark, the solar cell effectively acts as a diode, which is denoted by the diode symbol
in the ECM. The current source is used to model the photo-generated current of the solar
cell when no external bias is applied (V=0) and is called Jsc. Jsc is usually affected by the
absorption properties of the active layer, photo-generation as well as charge transport and
extraction. Purely from an engineering point of view, the total current I produced by the

solar cell is calculated using equation 11.
|pv:|sc‘ |d1 (qu/kT '1) - Id2 (qu/ZkT 'l) (11)

Id: and Id> denote the dark saturation currents flowing through diode 1 and diode 2,
respectively. V is the applied voltage, T is the temperature, q is the elementary charge
and k is the Boltzman’s constant. Id2 is the recombination current in the depletion region,
which is usually very small and can be neglected. Id; is the recombination current due to
bulk and surface recombination events. Under short circuit conditions (V=0) lq: is also

negligible and therefore the total current produced by the solar cell is Ipy=Isc. When an
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external bias is applied, lq1 starts to increase and contributes to Ipy. The bias value at

which lq1 completely counteracts Jsc

, and therefore, the circuit reaches open circuit conditions (1=0) is called Voc, which is

given by equation (12).
Voc:kT/q (Isc/ldl) (12)

Voc Is primarily affected by the energy levels of both the active layer as well as the
electrodes and charge carrier recombination rates. It is interesting to note that the solar
cell has a specific voltage (Vwmp) and current value (Imp) that can operate under which
produces maximum power (Pwmp). This is denoted by the yellow square in Figure 3-5. In
the case of a perfect diode, maximum power would be achieved under Isc and Voc, which
is never the case in a perfect world. The ratio between the power at Ve, Imp and Voc, Isc
is called FF and is given by equation (13), effectively showing how ideal the diode

characteristic of the solar cell is, or as it is often called, the “squareness” of the J/V plot.
FF:VmpImp/VO(;ISC (13)

One of the most important parameters of a solar is the PCE which gives the overall
efficiency of the device and is shown in equation 14.

PCE:FFVoclsclpmp = Pin/Pmp (14)

Pin denotes the power of incident light and as it was previously described, a reference
standard is using AM 1.5G, which corresponds to Pin= 100 W/m?.

Rsdenotes the series resistance, and it is affected by energetic barriers, at the bulk as well
as at interfaces. It is also affected by the conductivity of the layers used. The value of Rs
should preferably be small for efficient PV operation. Rsy denotes the shunt resistance,
which is affected by alternate current pathways, leading to leakage current in the devices.

The value of Rsh is preferably large for efficient PV operation.
3.4.2 Ultraviolet-Visible Spectrophotometry (UV Vis)

Uv-Vis is a particularly useful characterization technique that is usually employed for
film characterization. We have used a Shimadzu Uv-visible spectrophotometer UV
2600/2700 equipped with a Xe lamp and an integrating sphere. The wavelength used was
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varied from 350-800 nm. In particular, the absorption, transmittance and reflectance of
the films can be characterized. The intensity of the light is determined in each wavelength
by the photodetector before and after the light interacts with the sample. The system used

is shown in Figure 3-6.
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Figure 3-6: Shimadzu UV 2600/2700 system installed in MEP labs

3.4.3 Impedance spectroscopy

Undoubtedly impedance spectroscopy is an enormously powerful characterization
technique that can be used to identify physical mechanisms governing the operation of
solar cell devices. Similar to resistance, impedance represents the ability to resist the flow
of electrical current. However, resistance only applies for one circuit element, the resistor
and is independent of frequency, whereas impedance applies to every circuit element and
depends on frequency. A whole circuit can be characterized with one impedance value
from the combination of the impedances of its elements. By applying an AC voltage bias
to a circuit, the response is measured as an AC current signal and the impedance can be

calculated using equation (15), which analogous to Ohm’s law

Z(jo) =V(o)/l(jo) @5)

35



Two of the most popular plots that can be extracted using impedance spectroscopy are:
a) Nyquist plots that show a representation of real and imaginary part of the impedance
in different frequencies b) Mott-Schottky plots that show how the capacitance of the
device changes in terms of applied voltage at a fixed frequency. Typical Nyquist and

Mott-Schottky plots can be seen in Figure 3-7.
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Figure 3-7: a) Typical Nyquist plot of PSC b) typical Mott-Schottky plot for PSC

For atypical Nyquist plot there are two frequency responses that can be observed in PSCs.
The high frequency response (HFR) is attributed to charge transport resistance (RTr)
which is attributed to the charge transport in the device electrodes and can be affected by
the conductivity of the electrodes. The low frequency response (LFR) is attributed to the
charge recombination resistance (Rrec) and is affected by the charge accumulation due
to both ionic and electronic accumulation in the electrodes as well as charge carrier
recombination. In general, Rtr should be as small as possible, whereas Rrec should be as

large as possible to ensure efficient devices.

Mott Schottky plots are based on the depletion approximation, where we consider that the
capacitance in the space charge region is purely due to doping and there are no free

charges. The capacitance in terms of voltage can be described using equation (16).
C2=2 (Vpi-V)/geeoN (16)

It is interesting to note that in general this approximation does not hold true close to the
metal contacts that charges tend to accumulate, thus the value of Vg, calculated from the
Mott-Schottky analysis is not the true value of Vg, but can still be used for comparative
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studies. Vg Is calculated by the x-axis intercept of the slope in the Mott-Schottky plot.
The slope is also inversely proportional to the doping density, N. Although perovskites
are generally accepted as undoped materials, they can still exhibit unintentional doping
due to ionic vacancies in the crystal structure. Under reverse bias a capacitive plateau is
observed that is attributed to the geometric capacitance (Cg). Cgq is affected by the
polarizability of the perovskite active layer and is strongly associated with its dielectric

response.

Impedance spectroscopy was used to assess the charge accumulation properties of HTLS
in our previous work using capacitance-frequency (CF) plots. CF plots are a different
representation of the Nyquist plots that indicate a representation of capacitance change
with respect to frequency. Capacitance at HF (Cguwk) is related to the capacitive
characteristics of the perovskite active layer, whereas capacitance at LF (CgL) is related
to charge accumulation at the interfaces, under illumination Using CF plots we have
shown that capacitance at the interfaces of devices based on CuO is significantly reduced
compared to Cu:NiOx and PEDOT:PSS, indicating more efficient charge extraction

accompanied by improved PCE. &

L C) B PEDOT:PSS
10" £ Cu:NiOx
E ¥ CuwO
< 10° B
E 3
o E
L L
3 0®
C 1
8 -
= :
1] L
o 107
S
10°
E L 1 el el el v

10° 10’ 10° 10’ 10* 10° 10° 10’

—
=1

Frequency (Hz)

Figure 3-8: CF plot of perovskite devices based on PEDOT:PSS, Cu:NiOx and CuO HTL.
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Impedance spectroscopy was performed using an Autolab PGSTAT 302N equipped with
FRA32M module. To extract the Nyquist plots, the devices were illuminated using a
white LED with 100 mw/cm? power. A small AC perturbation voltage of 10 mV was
applied, and the current output was measured using a frequency range of 1 MHz to 1 Hz.
The steady-state DC bias was kept at 0 V. The C—V measurements for the Mott—Schottky
plots were performed under dark using a voltage range of -1 to 1 V and a steady frequency
of 5 kHz.

3.4.4 Photocurrent Mapping (PCT)

PCT is a technique used to visualize the current distribution in a solar cell device. The
system used is a Botest Photoelectric Test System — PCT 1 equipped with a 405 nm laser
with 25 mW power. The laser beam is moved laterally on top of the sample by specially
coated mirrors. The laser beam hits every pixel of the device, and photocurrent is
generated. When no external bias is applied, the photocurrent detected represents the Jsc
of the device in each pixel. By scanning the whole device area, a visual representation of
the Jsc is achieved, where areas appearing with a bright red color indicate the highest Jsc,
whereas areas with a blue color indicate very low or absence of Jsc. The system used is

shown in Figure 3-8.
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Figure 3-9: Photocurrent system schematic representation
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3.4.5 Atomic Force Microscopy (AFM)

AFM is a form of surface probe microscopy (SPM) technique that can be used to
characterize the morphology of films such as topography, roughness, compactness, grain
size and grain boundaries. A Nanosurf easyScan 2 AFM was used. The measurements
were performed in tapping mode using a Tap 190Al-G silicon tip with aluminium reflex
coating, resonance frequency of 190 kHz, force constant 48N/m and an average tip radius
<10 nm. The tips were purchased form Budget Sensors Company. A sharp tip is used to
“sense” the surface of films while a feedback loop controls the position of the tip on the
surface of the sample. The feedback loop identifies and adjusts the position of the tip
using a laser beam that hits the top of the tip and then passes through a photodetector. The
tip comes in very close contact with the film surface (1-10 nm) and measures interactions
such as Coulomb and Van der Waal’s forces. There are two main modes that can be used
in AFM: a) contact mode, where the tip comes in very close contact with the surface of
the film, b) tapping mode, where the tip is vibrating in a preset oscillating frequency and
due to its non-destructive nature is used to characterize soft materials and give additional
information such as grain size and grain boundaries. The AFM system used is shown in

Figure 3-9.

Figure 3-10: Nanosurf easyScan 2 AFM system installed in MEP labs
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3.4.6 Profilometer

The thickness of each device layer was determined using a Veeco Dektak 150 stylus
profilometer. The films were mechanically scratched prior to the profilometer
measurement to determine the thickness. The system uses a sharp tip that is passed along
the surface of the film and over the scratched line that was mechanically induced in the

film to determine the thickness. The system is shown in Figure 3-10.

Figure 3-11: Veeco Dektak 150 stylus profilometer installed in MEP labs.
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3.4.7 Photoluminescence Spectroscopy (PL)

PL measurements were performed using a Jasco FP-3800 spectrofluorometer. During the
characterization, thin films were irradiated with high intensity light, higher than the band
gap energy of the characterized semiconducting film. Via the irradiation process,
photoexcitation of electrons from the valence band (Ev) to the conduction band (Ec)
occurs. During the band to band (radiative) recombination of these electrons with holes
the intensity and wavelength of the emitted light is recorded by a detector and the PL

spectrum is plotted.

Figure 3-12: Picture of Jasco FP-3800 spectrofluorometer
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4 EFFECT OF THE ETL ON THE LIFETIME
PERFORMANCE OF P-I-N PEROVSKITE SOLAR CELLS
UNDER ACCELERATED HEAT CONDITIONS

4.1 Abstract

In this work the major degradation pathway for p-i-n PSCs was confirmed under
accelerated heat conditions (85 °C, N2) for devices utilizing CH3NH3zPbls formulation. By
utilizing two different thicknesses of PC70BM (70 and 200 nm respectively) and buffer
layer engineering the interaction of Al metal electrode with the perovskite active layer
via diffusion mechanisms is confirmed as the major degradation pathway and isolation of
the two layer is the key for improved stability. However, the incorporation of thick
PC70BM has a negative impact to the PCE. Following the above, the effect towards heat
stability of three different ETLs (PC70BM, PC7:0BM/AZO and the novel PC70BM/y-
Fe>03) is studied. The best stability is observed by PC70BM/y-Fe2Oz due to improved Voc
stability, which is attributed to more intimate interface with the top electrode and reduced
charge trap density as it was observed by impedance spectroscopy. The worst stability is
observed in PC70BM/AZQO devices due to the basic nature of the residual -OH groups of
the NPs, causing deprotonation of the MA™, thus leading to the decomposition of the
perovskite crystal. Finally, the efficiency-stability gap of devices that incorporated thick
PC70BM is reduced by using a perovskite formulation which is optimized to work with
large thicknesses of PC70BM and is based on CHsNH3PblsxCly. Using this approach,
improved stability at ~1000h under accelerated heat conditions (60°C, N2) and a PCE

~10% is achieved.

42



4.2 CH3NH3Pbls film characterization

CHsNH3Pblz (MAPbDI3) has been previously reported to be mostly intrinsically stable at
85 °C under N, atmosphere by Conings et. al.*® In order to confirm previous observations,
ITO/PEDOT:PSS/CH3NH3Pbls films were annealed at 85 °C on a hotplate inside a N>
filled glovebox in the dark for 96 hours. The XRD patterns of fresh and thermally
annealed films are shown in Figure 4-1a. Similar to what has been previously reported in
the literature, 1%

diffraction peaks at 12.7° and 38.7°. Although there is a peak at 52.4° which has been

the XRD patterns show no traces of Pbl, judging by the absence of

previously attributed to Pbl. phase, the size of this peak does not change upon thermal
treatment. This suggest that CHaNH3Pbls is intrinsically stable at temperatures to 85 °C
under N2, which is in agreement with previous studies. * The UV-Vis absorption spectra
of fresh and aged perovskite films also remain quite unchanged and are similar to the ones
reported by Conings et.al which further points towards the intrinsic stability of the

perovskite film (Figure 4-1 b).
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Figure 4-1: a) XRD spectra of fresh and aged perovskite films, b) Absorption spectra of fresh and

aged perovskite films
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4.3 Heat stability and characterization of CHs:NHsPbls-based devices
using different PC70BM thickness

Two different sets of p-i-n solar cells incorporating different fullerene thicknesses, i.e.,
PC70BM with ~70 nm (thin fullerene-based devices) and PC70BM~200 nm (thick
fullerene-based devices) film thickness are evaluated. The devices were encapsulated
using a UV-curable encapsulation epoxy and a small glass slide as it was described in
chapter 3.3.3 to avoid any ingress of moisture and then placed on a hotplate at 85 °C in a
N2-filled glovebox under dark. The devices were taken outside of the glovebox to measure
the PV device performance parameters and undergo the characterization process. The
devices were then placed back again inside the glovebox to continue the aging process.
This procedure was repeated at 24h intervals for up to 168 h. The deterioration of the
average normalized photovoltaic parameters from 8 devices from each device set was

monitored over the course of 168 hours at 24-hour intervals and is shown in Figure 4-2.
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Figure 4-2: Normalized a) Vo, b) Js, ¢) FF and d) PCE of CHsNH3sPbls based devices over 168 hours

of heating at 85 °C using two different fullerene buffer layer thicknesses.
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From Figure 4-2 there are striking differences between the two sets of devices. The thin-
fullerene based device exhibits a very sharp drop to all their photovoltaic parameters only
just after 24 hours of heating. The drop in photovoltaic parameters seems to stabilize at
the 72-h mark. However, the device PCE has already dropped well below 20% by that
point. On the other hand, thick-fullerene based device retains almost 100% of the PCE
even after 168 hours of heating. Although there is a noticeable drop of the Voc at ~80%
at the first 24 hours, there is an equally increase in Jsc (115%), and especially FF (140%),
for this device. Both the drop in Voc and increase in Jsc and FF are stabilized after 24
hours, allowing the thick-fullerene based device to preserve its high PCE (~100 %) even
after 168 hours of heating.

Representative devices from each device configuration were chosen for characterization.
The representative devices yielded the following photovoltaic parameters: thin-fullerene
based device (Voc=0.91 V, J=14.75 mA/cm? FF=79.2 %, PCE=10.64 %), thick-
fullerene based device (Voc=0.87 V, Jsc=10.57 mA/cm?, FF=40.8 %, PCE=3.75 %). These
measurements indicated a considerable decrease in FF when we increase the thickness of
PC70BM, due to the limited electrical conductivity of the material. 26 The purpose of this
study was to identify the major degradation pathway of the CH3NH3sPbls formulation-
based devices under accelerated heat conditions and to evaluate the effect of different
fullerene thickness on the device lifetime performance. For the above reasons achieving
the highest possible PCE for each device set was not within the targets of this

experimental plan.
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Figure 4-3: llluminated J/V characteristic for fresh and aged CHsNH3sPblz based devices.

Figure 4-3 shows the illuminated J/V characteristic of fresh and aged devices after 96
hours of heating. The 96 hours mark was chosen as the point of degradation where all the
characterization studies were performed on the examined samples. The reason for this
choice was that at the 96 hours mark the decline of the photovoltaic parameters has been
substantially reduced. As it can be seen from Figure 4-3, the shape of the J/V curve for
thin-fullerene based devices is severely distorted after 96 hours of heating, which is
consistent with the severe drop on photovoltaic parameters, as evident from Figure 4-2.
Furthermore, significant signs of hysteresis start to appear within the device performance
characteristics, which were absent from the fresh devices. Hysteresis in perovskite solar
cells has been previously attributed, amongst other phenomena, to non-steady state
capacitive currents resulting from electrode polarization. % Thus, the manifestation of
hysteresis in the J/V plot could point to electrode degradation in the device, which
prevents the efficient extraction of carriers. On the other hand, the thick-fullerene based
devices do not exhibit any shape deterioration of the J/V plot or any hysteresis behavior
after degradation. This correlates well with the stable performance of the thick-fullerene

based devices, where the initial values of the photovoltaic parameters are mostly retained.
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Furthermore, the J/V plots of thick-fullerene based devices show an S-shaped profile
growth prior to the heating test, which completely disappears after 96 hours of annealing.
An S-shape in the J/V curves has been previously attributed to poor charge extraction,
which in our devices can be related with the large thickness of the PC70BM layer. 1% The
absence of the S-shape after 96 hours heating could be a result of the light soaking effect
from the constant light illumination during the characterization of the devices. It has been
previously reported that this phenomenon is a result of the trap-assisted recombination of

excitons 197

, Which can be strengthened due to the increase in trap density in the thick
PC70BM film. The different Jsc behavior from both the lifetime plots and illuminated JV
characteristics was also observed when we performed photocurrent testing (PCT)
measurements. PCT is a very useful technique for degradation studies that has been
previously used in organic photovoltaics (OPVs) as well 1% for the visualization of how
the current intensity is distributed inside a device. As it was expected, the device
incorporating thin PC70BM layer exhibited a severe loss to current intensity, whereas the
device with thick PC70BM layer retained its current intensity to a good degree as shown

in Figure 4-4.
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Figure 4-4: PCT mapping for: a) fresh thin fullerene-based devices b) aged thin fullerene-based

devices c) fresh thick fullerene-based devices d) aged thick fullerene-based devices
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Complementary to the previous characterization techniques, impedance spectroscopy was
also used to provide insight on the physical processes occurring inside the device. 2*The
impedance spectroscopy data were analyzed and represented using Nyquist as well as
Mott-Schottky plots.
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Figure 4-5: a) Nyquist plots, b) Mott-Schottky plots of representative devices

Figure 4-5a shows the standard shape of two frequency responses for perovskite solar
cells (a high- and low-frequency feature). As described in chapter 3.4.3, the feature at
high frequencies has been previously attributing to charge transport resistance (Rtr) of
the hole transporting layers (HTLs) and electron transporting layers (ETLs) as well as
their interface with the perovskite active layer. 184 The low frequency feature has been
attributed to the recombination resistance (Rrec) and ionic diffusion. 1*° From the results
in Figure 4a, a significant decrease in Rrec is observed between fresh and aged thin-
fullerene based devices as well as an increase in Rtr. The increase to Rtr denotes that the
ETL/HTL or their interface with the perovskite has been altered, making carrier
movement inside the device more difficult. This in return results to a decrease of Rrec
due to more frequent charge recombination events. The combination of increasing Rtr
and decreasing Rrec is in good agreement with the decreased FF (~40%) noted for thin-

fullerene based devices, highlighting the difficulty for carrier extraction. On the other
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hand, the Rtr for thick-based devices remain relatively unchanged, whereas a slight
increase of the Rrec was observed which could be tied with the normalized FF increase.
Mott-Schottky analysis is often used for the differentiation of processes occurring at the
active layer with the ones occurring at the interfaces and outer contacts of the device. **
The capacitive plateau at negative voltages of Figure 4-5b provides information on the
dielectric constant, which is an intrinsic property of the bulk material. A decrease in Vg
is observed (point of intersection of the slope with the x-axis) for both thin and thick
fullerene-based devices, which denotes that the energy equilibration at the contacts has
shifted. 1** More importantly, Vg for thin-ETLs based devices has dropped by ~0.5 V
whereas for thick-fullerene based devices only by ~0.25 V. This is in accordance with the
more rapid decrease of normalized Voc for the thin-ETLs based devices compared to the

thick-fullerene based devices, where the Voc drop is a lot less apparent and more stable.

4.4 Buffer layer device engineering

To try and isolate the effect of heat in each layer of the device, buffer layer engineering
methods were used. This is a powerful technique, which was also previously used in
organic photovoltaics (OPVs) 1@ allowing us to study the effect of the PV parameters in
a fabricated device using aged films at 85 °C for 96 hours, similar to the conditions used
for device characterization. To achieve this goal, semi-finished device structures (4 device
structures from each device set) were initially fabricated using semi- finished aged films
of ITO/PEDOT:PSS/CHsNHsPblz  and  semi-finished aged  films  of
ITO/PEDOT:PSS/CH3NH3Pbls/PC70BM/AZO device structures at 85°C for 96 hours.
The best performing photovoltaic parameters of the aged device structures completed
with fresh PC70BM/AZO/AI and Al respectively were compared with the values of fresh
(not-degraded) reference devices. The results are shown in Table 4-1.
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TABLE 4-1. Photovoltaic parameters for fresh reference and buffer layer

engineered devices.

Voc Jsc FF PCE
Device type
(V) (mAcm?) (%) (%)

Fresh reference device 0.91 14.75 79.2 10.64

Aged ITO/PEDOT:PSS/CH3NH3Pblsand fresh PC70BM/AZO/AI 0.89 15.13 67.3 9.03

Aged ITO/PEDOT:PSS/CH3NH3Pbls/PC70BM/AZO and Fresh Al 0.84 16.43 73.2 10.10

From Table 4-1 aged device structures (ITO/PEDOT:PSS/CHsNH3Pbls and aged
ITO/PEDOT:PSS/CH3sNH3Pbls/PC70BM/AZO at 85 °C for 96 hours with fresh
PC70BM/AZO/AI and fresh Al retain their photovoltaic performance with minor losses
compared to the fresh reference devices. This further highlight the intrinsic stability of
MAPbI3 and the significant role that the top electrode interaction with the perovskite
active layer plays for the stability of the device. If we compare the device structures which
were fabricated using aged MAPDbI3 with the aged devices of Figure 4-2, aging the
MAPDI3 doesn’t play a significant role to the degradation of the device since at 96 hours
the PCE drops below ~20% of its initial value, whereas the device structures (with aged
active layer and fresh PC7o0BM/AZO/AI) retained most of their initial PCE value. A
similar behavior is observed when fresh Al was evaporated within an aged
ITO/PEDOT:PSS/CH3NH3Pbls/PC70BM/AZO device structure. The resulting devices,
like before, exhibit a very similar behavior comparable to our non-degraded fresh
reference devices. From the above experimental buffer layer device engineering
observations, we conclude that the devices degrade only upon the incorporation of Al
during the thermal aging test and therefore the interaction of the perovskite active layer
with the top metal electrode is the major degradation pathway for this type of device,
whereas the perovskite itself or its interaction with any subsequent interlayers plays no

significant role in the heat stability of the devices.
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Two mechanisms are proposed that could be related to the degradation of the devices: i)
migration of halide ions to the Al metal and ii) migration of Al atoms to the MAPDIa.
Both these mechanisms were also observed by Fang et. al where migration of I" towards
the Ag electrode as well as migration of Ag atoms into the MAPbIz manifested under
ambient humidity and light soaking for 200h. #* In particular, diffusion of I" is common
in such devices due to the small activation energy (~0.1 eV) 2and high concentration
gradient (10 cm™) which is further accelerated at higher temperatures as we have already
discussed. *** Diffusion of I is often facilitated by the decomposition of the perovskite
layer. During decomposition of the perovskite layer to lead iodide (Pbl.), methyl
ammonium (MA) and hydrogen iodide (HI), MA and HI can escape the surface of the
perovskite leaving behind iodide vacancies which promote the diffusion of 1" 2. Metal
ions have also been reported to migrate towards the perovskite under accelerated heat
conditions. Domanski et. al have recently reported that upon heating at 70 °C, Au atoms
can travel through spiro-MeOTAD HTL and migrate towards the perovskite layer,
remarkably affecting the device performance. °* The direct contact of the perovskite layer
with metal electrodes like Ag has also been previously reported to be very damaging for
the device performance even at ambient conditions 8 due to the chemical interaction
between the two materials. Therefore, the isolation of these two layers is of utmost
importance. Al and other commonly used electrode metals (Au, Ag and Ca) have been
previously reported to penetrate fullerene layers even in the process of evaporation. This
increases the probability of such metal and the perovskite layer to come in direct contact
with each other chemically reacting. ** This chemical reaction between the metal
electrodes and perovskite leads to a change to the perovskite film color from dark brown
to yellow due to the decomposition to Pbl.. 13 Figure 4-6 shows devices presented within
this work: a) bottom side of fresh device stack, b) bottom side of thermally aged device
stack of thin-PC70BM based devices, c) bottom side of thermally aged devices stack of
thick-PC70BM based devices, d) the top side of fresh device stack, e) top side of
thermally aged device stack of thin-PC7oBM based devices, f) top side of thermally aged

devices stack of thick-PC70BM based devices .
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Figure 4-6: a) Bottom side of fresh device stack, b) bottom side of thermally aged device stack of thin-
PC70BM based devices, ¢) bottom side of thermally aged devices stack of thick-PC70BM based devices,
d) top side of fresh device stack, e) top side of thermally aged device stack of thin-PC7BM based
devices, f) top side of thermally aged devices stack of thick-PC70BM based devices

From Figure 4-6a we can see that the perovskite film in thin-PC7BM based devices
exhibited a color change from dark brown to yellow, indicating decomposition to Pbly,
upon thermally aging the whole device stack at 85°C and N2 similar to previously reported
observations. ** On the contrary the perovskite retains its color at a respectable degree
for devices incorporating thick PC70BM (Figure 4-6¢). Furthermore metallic-like spots
start to appear in the thin-PCz0BM based devices located at the bottom side of the device
which were absent from both the fresh and thick-PC70BM based devices. Since the
ITO/PEDOT:PSS/CH3NH3Pbls film has shown non- detectable signs of decomposition
from the XRD and absorption spectra measurements, the color change from dark brown
to yellow upon aging alongside the Al electrode could be a result of Al diffusion towards
the active layer. The top side of the thin PC70BM device also shows some change in the
color of Al electrode where it became less shiny and whiter (Figure 4-6e). This is an
indication of Al corrosion due to diffusion of I as previously reported. !** Both the fresh
(Figure 4-6 d) and aged thick-fullerene based devices (Figure 4-6f) do not show any
apparent change in the Al electrode.
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Recently reported time of flight secondary ion mass spectroscopy (ToF-SIMS)
measurements have shown metal diffusion of air stable metal such as Au in a Cs
containing  FAo0.ssMA0.17Pb(lo.s3Bro.17)s formulation L. As already mentioned above,
degradation due to diffusion of I"is often a result of the intrinsic decomposition of the
perovskite layer and introduction of iodine vacancies in the process. Even though
decomposition of the perovskite layer was not detectable, in the process of
characterization via XRD (from the introduction of Pbl, peaks) ¥ and reduction of the
absorption spectra, 2 it can still be present but less evolved. *® As it is reported in the
buffer layer engineering section, aging the semi-finished ITO/PEDOT:PSS/CHsNH3Pbls
and ITO/PEDOT:PSS/CH3sNH3Pbls/PC70BM/AZO device stacks does not play a
detrimental role to the PV parameters of the fabricated device. In a recent work Akbulatov
et. al have shown that similar device structures of
ITO/PEDOT:PSS/CH3NH3Pbls/PCeoBM/Ag can easily degrade under open circuit
conditions, constant illumination at70 mW/cm? and 60 °C thermal aging even in inert
conditions %°, Through ToF SIMS and theoretical calculations it was shown that the
degradation had occurred through liberation of volatile MAI and formation of Agl in the
Ag electrode. It was also reported through ToF SIMS that the Ag electrode showed some
sign of penetration inside the PCgoBM upon aging. > From the experiments so far, we
have shown that thick fullerene-based buffer layers can be used to block diffusion and

improve the thermal stability of inverted perovskite PVs.

4.5 Device Lifetime of devices based on PC7,0BM, PC7,0BM/AZO and
PC70BM/y-Fe.Ostop electrodes

As previously mentioned, the main degradation pathway for p-i-n PSCs lies at the top
electrode and is related to the interaction of the active layer with the Al metal electrode.
To understand these results in more detail, we proceeded in studying the effect of three
different ETLs (PC70BM, PC70BM/AZO and the novel PC70BM/yFe203) in the lifetime
performance of p-i-n PSCs. To prepare the y-Fe>Os3 solution we have used solvothermal
colloidal synthesis in conjunction with ligand-exchange method to isolate uniform y-
FeoOs NPs well-dispersed in polar solvents. Using transmission electron microscopy
(TEM) we have calculated the size of the y-Fe;O3 to be ~5.5 nm. y-Fe2Os NPs were
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synthesized and characterized by Dr. loannis Papadas of the MEP group. Detailed NP
synthesis as well as material characterization can be found in our recent submitted paper.
116 Thin films of y-Fe,O3 NPs were spin casted next on top of PC7BM and quartz
substrates using the spin coating technique. Figure 4-7 displays the surface topography of
a 20 nm-tick film of y-Fe>O3 NPs fabricated on top of PC70BM and quartz substrates,
respectively, as obtained by AFM line scans. On top of PC70BM the surface roughness is
~5 nm, which is comparable with the roughness obtained by plain PC70BM as well as
PC70BM/AZO films. The y-Fe20s film fabricated on quartz substrate exhibits a smooth
and compact topography of only ~4.3 nm roughness. It should be stressed that the
development of a low roughness layer is beneficial for the photovoltaic perovskite solar
cells (PVSCs) performance.
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Figure 4-7: AFM data in 10x10 pm magnification for a) ITO/PEDOT:PSS/ CH3NH3sPbls/PC7BM,
b)ITO/PEDOT:PSS/CHsNH3Pbls/PC70BM/AZO c¢) ITO/PEDOT:PSS/ CHsNHsPbls/PC7BM/y-

Fe20s films, d) AMF data in 5x5 pm magnification for y-Fe2Os film on quartz substrate

To test the effectiveness of y-Fe.Oz nanoparticulated ETL for inverted structured
PVSCs, completed devices were fabricated based on the general inverted device structure
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ITO/PEDOT:PSS (~30 nm)/CH3sNH3sPblz (~300 nm)/ETL/AI (~100 nm), where the three
different ETLs under investigation were compared: PC7,0BM (~70 nm), PC7,0BM/AZO
(~40 nm) and PC70BM/Fe.O3 (~20 nm). A schematic representation of the device
structure is shown in Figure 4-8a. The use of y-Fe»Oz in conjunction with PC70BM was
found to have minor impact towards the PCE of p-i-n structured devices since the PCEs
were comparable both to PC70BM as well as PC70BM/AZO. This is further highlighted in
the energy level diagram shown in Figure 4-8b, which is based on measured values of the
literature. 17+ 118 The representative values of PV parameters from a total of 10 devices

from each structure, that described in detail above, are summarized in Table 4-2.
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Figure 4-8. a) Schematic representation of the device structure used and b) the corresponding energy
level diagram under study.

As previously noted, by using y-Fe2Osz in conjunction with PC70BM as the ETL instead
of plain PC70BM or PC70BM/AZQ appears to have no significant effect to the device PCE
performance (only a slight drop in FF, from 75 to 70%, was observed). It is important to
note that the focus of this work was to inspect the effect of y-Fe>Os as solution processed
ETL in terms of stability of the inverted PVSCs and not achieving the highest possible
PCE. For the same reasoning we chose to use widely used and understood materials such
as PEDOT:PSS as the HTL and a basic perovskite CHsNH3Pblz formulation for the
inverted PVSCs, despite the lower PCEs the device structure and perovskite formulation

used within this work offers high reliability and reproducibility essential parameters for
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fabricated devices for lifetime studies. The experimental results presented were consistent

on several experimental runs.

Table 4-2. Photovoltaic parameters for the three different device architectures.

Voo Jsc FF PCE

Device architecture V) (MA/Icm?) (%) (%)

ITO/PEDOT:PSS/CH3NHsPbls/PC7BM/AI 0.84 15.41 75  9.68
ITO/PEDOT:PSS/CHsNH3Pbls/PC70BM/y-Fe,04/Al 0.88 1653  69.7 1013
ITO/PEDOT:PSS/CH3sNH3Pbls/PC70BM/AZO/AI 0.85 15.40 744 9.72

The effect of using a thin (~20 nm) y-F2O3 based interfacial layer on the heat accelerated
lifetime performance of inverted PVSCs is studied following the previous experiments.
The accelerated heat lifetime performance of inverted PVSCs incorporating y-Fe2Os
within the top electrode (PC70BM/Fe203/Al) has been compared with the more
conventional PC7oBM/AI and PC70BM/AZO/AI inverted PVSCs top electrodes. The
conditions for the lifetime experiments were 60 °C and N, atmosphere under dark for all
PVSCs presented within the work. The normalized lifetime plots were constructed from
the average PV parameters of 10 devices for each architecture and the results which are
listed in Figure 4-9 where consistent on several lifetime runs under the conditions

described within this work.
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Figure 4-9. Normalized a) Voc, b) Jsc, ¢) FF and d) PCE for three different ETLs.

From the lifetime plots there are some considerable differences between the behavior of
the three different (top electrode) inverted PVSCs device architectures. The PV
parameters of the PVSCs incorporating v-Fe>Os within the top electrode
(PC70BM/Fe203/Al) show considerable improvement in stability compared to devices
based on PC7nBM/AlI and PC70BM/AZO/AlI top electrode. Specifically,
PC70BM/Fe2Os/Al based device has Tgo (the time the PCE reached 80% of its initial
fabrication value) at 100 hours of operation and has even retained 70% of their PCE after
300 hours of testing, whereas device with PC70BM/AI has T80 at 24 hours and the PCE
settled at the lowest value of 40% of their original PCE when the aging test has reached
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Current density (mA/cm?)

300 hours. The device with PC70BM/AZO/AI has dropped to 70% at the first 24 hours of
aging, reaching below 40% at the 100 hours mark and has settled even lower at 15% when
the aging test has reached the 300 hours. Figure 4-9 shows that Voc and Jsc in the
PC70BM/AZO/AIl based inverted PVSCs shown the strongest drop under the heat
accelerated lifetime condition presented within this work.

4.6 Device characterization of p-i-n perovskite solar cells incorporating
PC70BM, PC70BM/AZO and PC7BM/y-Fe.Os top electrode

Complementary to the heat accelerated lifetime test, we have conducted characterization
studies on representative devices for the three device architectures at the 168 hours mark.
This point for characterization is chosen since it lies in the middle of the aging test and
thus it would ensure that the devices showed significant differences between them while
still being eligible for testing and completely degraded from the aging test. In particular,
the devices were characterized using illuminated and dark J-V measurements as well as

Mott-Schottky analysis.
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Figure 4-10. a) llluminated J-V characteristics and b) dark J-V characteristics, respectively.
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Figure 4-10a depicts the illuminated J-V characteristic for the three device architectures.
The Voc change with respect to aging is very clearly observed. In particular, the device
based on PC70BM/AZQO/Al shows a very sharp drop to Voc, indicated by the shift of the
J-V curve to the left. There is also a very significant sign of hysteresis in this device which
could be attributed to charge traps or ion migration manifesting through the aging test.
Both inverted PVSCs architectures using PCzoBM/AI and PC70BM/Fe,O3/Al show
negligible signs of hysteresis. However, the devices without vy-Fe;Os interface
modification (PC70BM/AI) show a significant drop to Voc (although not as severe as in
PC70BM/AZO/Al based inverted PVSCs), while inverted PVSCs using
PC70BM/Fe>Os/Al provide clearly more stable Voc values under heat accelerated lifetime
conditions. Dark J-V plots are shown in Figure 4-10b. Devices with PC7oBM/AZO/AI top
electrode show significantly reduced parallel resistance (Rp) and increased leakage
current after aging compared to the other two top electrode architectures under
investigation. Furthermore, the diode characteristic is completely lost in devices with
PC70BM/AZO/AI top electrode. In comparison, the device with PC7,oBM/AI has also
shown a decrease to Rp and increase in leakage current, although not as severe as the
PC70BM/AZO/AIl based inverted PVSCs. Importantly, the inverted PVSCs with
PC70BM/Fe20s/Al top electrodes show almost no change after aging in regard to Rp and
leakage current (a parameter which is shown the quality of the inverted PVSCs
incorporating the proposed y-Fe203 interface modification). Both devices with PC70BM
and PC70BM/Fe>03 ETLs seem to retain the diode characteristic after aging. This trend
follows the observation of Voc drop, where devices with decreased Rp and increased

leakage current also show a proportional drop to their Voc.

Apart from the two degradation mechanisms that we have previously reported for p-i-n
PSCs (diffusion of halide ions to the metal electrode and diffusion of metal atoms to the
CH3NH3Pbls), another major concern that has been recently placed is the negative effect
that doping can have in the stability of PSCs. Recently a comprehensive study was
performed by N. Tessler and Y. Vaynzof using a model solar cell system based on
electron-ion conducting perovskite active layer. In that work it was shown that undoped
charge selective layers (CSLs) can be used to significantly decrease the voltage drop
across the perovskite active layer and therefore suppress the ion accumulation through

the device, preventing hysteresis and degradation of perovskite solar cells.*” In contrary
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using doped CSLs the potential drop across the perovskite active layer was reported to be
significantly larger compared to undoped CSLs and therefore the suppression of ion
accumulation is expected to be less efficient. ***Although in this case we compare two
ETLs that one is doped (AZO) and another that is undoped (Fe203), it is worth mentioning
the role of the PC70BM passivation/buffer layer that lies between the AZO and the
perovskite active layer. Since The PC70BM layer is inherently undoped, ion accumulation
doping degradation issues related to AZO should not be dominant. **® The fact that
devices with AZO have shown the worst stability led us to search for a different
explanation. The instability of AZO in p-i-n PSCs has also been previously reported by
K. Brinkmann et. al °' It is reported in several works that ZnO can negatively impact the
stability of CH3NH3Pbls upon annealing through the deprotonation of MA™ caused by
residual OH™ on the ZnO nanoparticles surface that are often present. It was also reported
that PCBM as a buffer layer can reduce, but not completely avoid this decomposition. 12
+121 This correlates with our observation from the lifetime plots in Figure 4-9b, showing
a drop in Js for devices with AZO, pointing towards the degradation of the active layer
whereas both PC70BM and PC70BM/Fe>O3 show negligible drop to Jsc.

A crucial factor for the stability and the quality of halide perovskite crystallization is the
acidic or basic character of the metal oxides, which are used as HTLs or ETLS in the
perovskite solar cells (PVSCs). The acidic or basic nature of metal oxides depends on the
corresponding isoelectric point (IEP). It has been observed that these hydroxyl groups on
the interfaces of metal oxides with basic nature cause decomposition of the hybrid halide
perovskite through the deprotonation of the methylamine, leading to Pbly. This
decomposition mechanism is not observed in more acidic metal oxides (such as TiO2 and
ITO). 122 In the literature, y-Fe,Os NPs interfaces are typically acidic (with isoelectric
points in the range of 5.5-6.7), 12 whereas ZnO NPs interfaces tend to be more basic
(with isoelectric points >8.7).12* This suggests that deprotonation of the MA* (pKa of
~10.6) by the ZnO surface may be a possible cause of the thermal decomposition, 12 in
contrast with more acidic surface nature of y-Fe.Oz NPs films which produce more

thermally stable perovskite films.

Using Mott-Schottky analysis we have tried to understand why the incorporation of
PC70BM/Fe;03 as the ETL has resulted in better stability compared to plain PC70BM.

Mott-Schottky analysis has been previously utilized for the quantification of charge traps
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in PSCs by studying response of charged carriers to the AC signal that is applied in the
CV measurement. When using relatively high frequencies (HF) at ~100 kHz only free
charges at the conduction band (Ec) can follow the AC voltage perturbation applied in
CV measurements and can contribute to the EVg value. When the frequency is dropped
to low frequencies (LF) at ~500 Hz we are effectively approaching DC conditions, where
de-trapping of charges can occur and therefore contribute to EVg and as a result to Voc.
126 Therefore, the presence of trapped charges can contribute to the overall EVg value,
effectively altering it, depending on the frequency used for the Mott-Schottky analysis.
127 Using this information we have performed a comparative study where the EVg change
between HF and LF was correlated with the population of traps inside freshly prepared
devices. From Figures 4-11a and 4-11b we have used linear interpolation to extract the
value of EVg, from the point of intercept of the linear part in the Mott-Schottky plot with
the x-axis. Some clear differences are observed in the values of EVg shown in Table 4-
3. First by comparing the EVg, drop of fresh devices incorporating plain PC70BM with
PC70BM/Fe>03 and PC70BM/AZO we see that they exhibit the largest drop at 0.73 V
compared to 0.40 V and 0.30 V for the PC70BM/Fe203 and PC70BM/AZO, respectively.
This suggests that there is a larger population of charge traps in fresh devices with
PC70BM compared to PC70BM/Fe203 and PC70BM/AZO.
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Since the only change in the device structure was in the top electrode, the hypothesis that
the traps are present in the PC7o0BM/AI interface is made and by incorporating either AZO
or FeoO3 we can fabricate a more efficient interface with the top metal contact. Identifying
the exact nature and direct position of charge traps would require further complex
characterization techniques and therefore was beyond the scope of this work. Charge traps
were reported to negatively impact the stability of PSCs from the induction of local
electric field. 12 Although AZO also seems to facilitate in the more efficient interface
between the ETL and metal electrode like Fe;Os, the interaction of ZnO with
CH3NH3Pblz yields the worst stability as we have previously stated. It is also worth stating
that by using Fe>O3 on top of PC70BM any surface defects of inconsistent film coverage
from the PC7oBM film would be passivated from the Fe;Os film, which would improve

the stability of devices further.

Table 4-3. Extracted built in voltage (EVei) voltage drop between HF-LF of fresh
devices and fresh-aged devices.

EVsi drop EVei drop
. . between HF and  between fresh
Device architecture
LF of fresh and aged
devices (V) devices (V)
7 .
ITO/PEDOT:PSS/CH3NH3Pbls/PC70BM/AI 0.73 039
ITO/PEDOT:PSS/CH3NH3Pbls/PC70BM/Fe,03/Al 0.40 0.09
ITO/PEDOT:PSS/CH3NH;Pbls/PC70BM/AZO/AI 0.30 0.53

To evaluate the EVg) drop between fresh and aged devices the frequency is kept constant
at f = 5 kHz. When choosing an appropriate frequency for Mott-Schottky analysis it
should usually coincide in the high frequency plateau of the relevant capacitance
frequency (CF) plot. 121t is also noted that at 5 kHz the EVg value for all three device
architectures under investigation is similar, which agrees with their similar measured Voc

values. CF measurements were performed using this particular perovskite formulation,
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fabricating devices with the general structure
ITO/PEDOT:PSS/CH3NH3Pblz/PC70BM/AZO/AI in our previous work and therefore 5
kHz is an appropriate choice for our particular measurements. 84 After aging, the trend in
EVeidrop at 5 KHz correlates well with the Voc drop that we see in the lifetime plots
from Figure 5-5a, where the smallest EVg| drop is observed by devices incorporating
PC70BM/Fe;0s/Al at 0.09 V followed by PC7BM/AI at 0.39 V, whereas the
PC70BM/AZO/AI devices exhibit the largest EVg drop at 0.53 V. Through the impedance
spectroscopy measurements, the intimate interface of Fe.O3z with the top electrode is
highlighted, resulting in decreased trap density and therefore improved stability under
accelerated heat conditions, primarily due to the stable Voc behavior.

4.7 Incorporation of Fullerene based diffusion blocking layer on

CH3sNH3Pbl:«Clx based devices to improve thermal stability.

As indicated above diffusion mechanisms are the dominant degradation pathway that
affected the thermal stability of perovskite solar cells. Thus, incorporation of diffusion
blocking layers within the device architecture is expected to improve lifetime
performance. Using a 200 nm thick PC7oBM diffusion blocking layer we were able to
isolate the CH3sNH3Pbl3 active layer from the metal electrode, a procedure that effectively
improves the lifetime performance of device upon heating at 85 °C from 24 hours to over
168 hours. This improved stability, however, is attained at the cost of strong PCE
reduction due to the thick PC70BM fullerene-based buffer layer used for the isolation of
the perovskite active layer from the top metal electrode. To improve the stability of
devices and reduce the observed efficiency-stability gap by incorporation of PC70BM
diffusion blocking layer to inverted perovskite solar cells, the behavior of the proposed
thick diffusion blocking layer is tested to devices with CH3NH3Pblz«Clx as the active
layer that are optimized to work effectively with thick PC70BM. Typically, devices based
on CHsNH3Pbls-«Clx produce perovskite films with high roughness (Rms~12.45 nm)
compared to the previously used CHsNHsPbls formulation that produces films with

relatively low roughness (Rms~4.21 nm), as shown in the AFM phase contrast
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measurements in Figure 4-12. The thicker PC70BM is therefore necessary to ensure

uniform coverage of the rough perovskite films.

Figure 4-12: 5x5 pm AFM measurements for a) CHsNH3sPblsxClx b) CHsNHsPbls perovskite films

The structure of the devices under study was based on the previously studied
configuration of ITO/PEDOT:PSS/CH3sNH3Pbls/PC70BM/AZO/AI. Since the fullerene
diffusion blocking layer used was thick (200 nm) we decided to work to still incorporate
AZO rather than Fe>Os due to its higher conductivity. Furthermore, we also chose to
incorporate AZO instead of plain PC70BM since CH3NH3sPblsxClx was previously
reported to show improved PCE by the incorporation of AZO on top of the PC70BM.%
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Figure 4-13: llluminated J/V plot of the champion CHsNH3sPblz«Clx based device using thick
PC7BM diffusion blocking layer.
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Using CH3NH3Pblz«Clx and thick (200 nm) diffusion based PC79BM blocking layer have
devices with Voc=0.90 V, Jsc=15.79 mA/cm?, FF= 66.8 % and PCE= 9.48 % are achieved

which is shown in Figure 4-13.

The heat stability of these devices was evaluated and compared with the efficient
CH3NH3Pblz based devices using optimized for efficiency thin (70 nm) fullerene electron
transporting layer (ETL). The lifetime profile of the average normalized PV parameters
from 8 devices of each device set is shown in Figure 4-14. It is observed that the devices
which are based on CH3sNH3PblzxClx s with thick PC70BM show impressive heat stability
even with the incorporation of AZO for up to 1000h. It has been reported that
CH3NH3Pblz«Clx exhibits better intrinsic stability over other perovskite formulations
such as CH3NH3PbCls and CH3sNHsPbls, © It is important to note that based on the
experimental conditions used within this work we have not observed any major intrinsic
degradation of the CH3NH3Pblz from the XRD and UV-Vis. Furthermore, it is shown
using buffer layer device engineering experimental methods that using thermally aged
CHsNH3Pblz and fresh top electrode yields almost no change to the efficiency parameters
of the device compared to a fresh-reference device. Therefore, we believe that the
improved stability of the CH3NH3sPblsxClx based devices is due to the incorporation of
the thick PC70BM buffer layer that can be used to eliminate top electrode thermally

activated degradation mechanisms of p-i-n inverted perovskite photovoltaics.
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4.8 Summary

It is proposed that the interaction of the Al metal electrode with the perovskite active layer
through diffusion mechanisms is the main thermal degradation mechanism for inverted
perovskite solar cell. Using a 200 nm thick PC70BM ETL the CH3sNH3Pbls active layer is
isolated from the metal electrode, a procedure that effectively improves the lifetime
device performance upon accelerating lifetime heating at 85 °C from 24 hours to over 168
hours. This improved stability however is attained at the cost of reduced PCE due to the
thick PC70BM fullerene buffer layer used for the isolation of the CHsNH3sPblz active layer
from the top Al metal electrode. It is shown that colloidal synthesized y-Fe,O3 can be
effectively used to provide solution processed nanoparticulate interfacial layer for the top
electrode of inverted PVSCs. Inverted PVSCs with PC7oBM/Fe203/Al top electrode yield
comparable PCE value to the more conventional inverted PVSCs top electrodes such as
PC70BM/Al and PC70BM/AZO/AI. The proposed inverted PVSCs y-Fe>O3 top electrode
interface modification (PC70BM/Fe2O3/Al) results in improved stability under accelerated
heat conditions at 60 °C and N2 atmosphere. On the contrary PC70BM/AZO/AI device has
shown the worst stability due to the deprotonation of MA™ induced by the basic nature of
AZO compared to more acidic y-Fe;O3 interface modification (PC70BM/y-Fe20s/Al).
Overall, PC70BM/y-Fe2Oz/Al results in less population of charge traps that lie in the
PC70BM/Al interface and, therefore, y-Fe2Os interface modification provides a better top
electrode for inverted PVSCs. To reduce the efficiency—stability gap of perovskite
photovoltaics, the proposed diffusion blocking layer is evaluated using CH3NH3Pbls-
XCIx based devices that are optimized to work effectively with thick PC7BM. A
hysteresis free CHsNH3zPblz«Clx inverted perovskite PVs with thick PC70BM diffusion
blocking layer that exhibit PCE in the range of 10 % and thermal stability for over 1000
hours at 60 °C is presented.
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5 HIGH PERFORMANCE INVERTED PEOVSKITE
SOLAR CELLS INCORPORATING DOPED FULLERENE
DIFFUSION BLOCKING LAYER

5.1 Abstract

Inverted p-i-n hybrid organic-inorganic perovskite solar cells (PSCs) often incorporate
PC70BM as the electron transporting layer (ETL) which offers high performance top
electrode electron carriers charge selectivity as well as passivation of the perovskite
active layer grain boundaries. Thick fullerene diffusion blocking layers have been
previously shown to be beneficial for the long-term thermal stability of p-i-n PSCs.
However, the low conductivity of PC70BM significantly limits the thickness of PC70BM
buffer layer for optimized PSCs performance. In this chapter it is shown that by applying
the “just enough” doping principle we can increase the PCE of inverted PSCs devices
with thick (200 nm) PC70BM diffusion blocking layer from 7.84 to 13.1 % via doping
with 0.3 % w.t. N-DMBI. Most importantly, doped thick PC70BM based devices retain a
high thermal stability at 60 °C of up to 1000 h without sacrificing their photovoltaic (PV)
parameters and PCE.

68



5.2 Utilization of N-DMBI as n-type dopant for PC7;,0BM

In the previous chapter it is shown a simple yet effective method to improve the thermal
stability of PSCs utilizing thick fullerene diffusion blocking layers. However, it is also
observed that by increasing the thickness of the fullerene layers there is a dramatic drop
of the FF and PCE due to the limited conductivity of PC7;0BM even if the stability is
improved. Our previous findings on proposing thick fullerene diffusion blocking layers
for long lived PSCs were also directly matched with the device simulations findings of
Tessler et.al. 12 In their work they have successfully simulated ionic diffusion in PSCs
and have also shown that by increasing the thickness of PC7BM from 50 to 200 nm the
ionic diffusion as well as ionic accumulation at the contacts is decreased indicating that
it will take more than 10 times longer to start observing some degradation by
incorporating 200 nm fullerene based diffusion blocking layer within the inverted PSCs

device structure.

Large scale ETL fabrication techniques such as Dr. Blade and roll-roll are often utilized
for the fabrication of large scale PV devices. * Therefore utilizing thick ETL layers
which are compatible with such techniques is desirable for the up-scalability of PSCs.
Currently this is problematic when using PC70BM as the ETL for PSCs due to the limited
conductivity of the fullerene based electronic material. One of the most well-known
methods to improve the conductivity of PC70BM is via doping using n-type dopants such
as 4-(2, 3-Dihydro-1, 3-dimethyl-1H-benzimidazol-2-yl)-N, N-dimethylbenzenamine (N-
DMBI). N-DMBI was reported to increase the conductivity of PCBM by 4-6 orders of
magnitude (from ~10"° S/cm to 5x107 S/cm). 13! 132 133 134 |t has also been shown that
doped PCBM exhibits a decrease of the Fermi level (EF) from 5.04 to 4.78 eV towards
the lowest unoccupied molecular orbital (LUMO) which further highlights the n-type
doping of the material. ** Therefore, n-type doping of PCBM with N-DMBI has been
shown to be an effective and beneficial way to increase the conductivity and efficiency
of devices, which has been demonstrated in various applications such as organic
photodiodes (OPDs) 3! and PSCs 123 134, It is important to note that doping should usually
follow the “just enough” concept, meaning that it should not exceed an optimal value. It
has been reported by Tessler et.al via simulations that when charge collection (CL) layers
in PSCs are doped excessively they can promote ionic diffusion depending on the nature

of the doping. In particular excessive p-type doping usually promotes the diffusion of

69



cations whereas excessive n-type doping promotes the diffusion of anions %, both of
which are detrimental for the stability of PSCs.

5.3 Device structure and N-DMBI morphological characterization

The fabricated devices presented within this chapter were based on the p-i-n- inverted
device structure of ITO/Cu:NiOx/CH3sNH3Pbls/PC70BM/BCP/Cu as shown in Figure 5-
1a. The Cu:NiOx was coated using Dr. Blade coating followed by combustion synthesis.
The perovskite active layer formulation was based on solvent-anti solvent recipe. The
PC70BM was spin coated on the active layer followed by thermal evaporation of the BCP
and Cu films. These fabrication steps are described in detail in Chapter 3-Materials and
Methods. A schematic representation of the structure of N-DMBI and PCBM are shown
in Figure 5-1b. The doping mechanism of N-DMBI follows the general consensus that
the dopant functions as a hydride atom donor to the host material (PC70BM) followed by
an electron transfer step between the molecules of the host material 1 due to the natural
affinity of PC70BM to undergo hydrogenation reactions with various hydrogen-atom

donors. 137

a)

Cu:NiOx
I/ Glass/ITO

FIGURE 5-1: a) Device architecture, b) N-DMBI and PCBM schematic representation

ITO/PC70BM films are fabricated to evaluate any potential morphological changes to the

PC70BM due to doping. From the AFM data (Figure 5-2) no apparent morphological
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changes are observed between ITO/PC7BM un-doped and 0.3 % w.t. doped films (which
is later shown to be the optimum doping concentration) while also having similar

roughness values (1.34 nm for un-doped and 1.25 nm for doped films).

.. » &
: > 3

"PRISTINE'

Figure 5-2: AFM measurements in phase contrast mode of a) ITO/PC7BM pristine b) ITO/PC7BM
(0.3 % w.t. N-DMBI)

5.4 Device characterization and thermal stability of pristine and N-
DMBI doped p-i-n PSCs

To evaluate the effect of doping in devices with thick (200 nm) PC70BM ETLs we have
characterized the light and dark J/V PV parameters using a calibrated Newport Solar
simulator equipped with a Xe lamp, providing an AM1.5G spectrum at 100 mW/cm? as
measured by a certified oriel 91,150 V calibration cell. A custom-made shadow mask was
attached to each device prior to measurements to accurately define the corresponding

device area (9 mm?).
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Figure 5-3: a) Light J/V plots b) dark J/V plots of fresh and aged devices based on un-doped
and doped PCoBM

Various N-DMBI doping concentrations (0.1, 0.3, 0.5 and 0.7 % w.t.) were evaluated to
identify the optimum value for devices based on thick PC70BM ETLs. When we increase
the thickness of PF70BM from 70 to 200 nm we see a decrease of Voc from 1.02 to 0.98
V, Jsc from 18.04 to 15.2 mA/cm?, FF from 78.5 to 52.5 % and PCE from 14.48 to 7.84
% (Table 5-1) which is a similar trend that we observed in the previous chapter. The
experimental values of Jsc are in good agreement with the theoretically calculated Jsc

values from the EQE data, which is <5 % in margin of error (Figure 5-4).
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Figure 5-4: EQE data for thin (70 nm), thick (200 nm) and doped (0.3 % w.t. N-DMBI) fresh and
aged devices

This is also shown in the light and dark J/V plots (Figure 5-3 a, b). An increase in Rs from
4910 13.1 Q and a decrease in Rsy from 53.1 to 41.7 kQ which results in the decrease of
Jsc, Voc and FF respectively due to the limited conductivity of PC70BM is observed. This
is further discussed in the impedance spectroscopy characterization. By introducing the
optimum n-type doping concentration of N-DMBI (0.3 % w.t.) we managed to decrease
the Rs from 13.1to 1.5 Q and increase Rsy from 41.7 to 50.2 kQ which in return improve
the Jsc from 15.2 to 19 mA/cm? , FF from 52.6 to 70.3 % and PCE from 7.84 to 13.1 %
respectively. This improvement was reported in the literature to be due to the increase in
conductivity and up-shift of Er, leading to the enhancement of electron transporting
properties of PC70BM and an increase of the photocurrent of the device. 13 134 When the
doping concentration is increased from 0.3 to 0.5 and especially 0.7 % w.t. we observe a
drop in Voc and FF, therefore the optimum doping concentration was identified to be 0.3

% w.t.
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TABLE 5-1: PSCs PV parameters of pristine and N-DMBI doped devices

: Jsc FF PCE
Device structure Voc (V
<M (maem?) (%) (%)
ITO/Cu:NiOx/CH3sNH3Pbls/PC7 BM (70 nm)/BCP/Cu 1.02 18.04 785 14.48
ITO/Cu:NiOx/CHsNH3Pbls/PC70BM (200 nm)/BCP/Cu 0.98 15.2 52.6 7.84
ITO/Cu:NiOx/CH3sNH3Pbl3/PC7BM (200 nm+0.1 % w.t. N-DMBI)/BCP/Cu 0.97 17.69 65.1 11.2
ITO/Cu:NiOx/CHsNH3Pbl3/PC7BM (200 nm+0.3 % w.t. N-DMBI)/BCP/Cu 0.98 19 70.3 13.1
ITO/Cu:NiOx/CH3sNH3Pbls/PC70BM (200 nm+0.5 % w.t. N-DMBI)/BCP/Cu 0.91 19.4 63 11.14
ITO/Cu:NiOx/CH3sNH3sPbl3/PC70BM (200 nm+0.7 % w.t. N-DMBI)/BCP/Cu 0.90 17.83 58.5 9.45
Following the J/V characterization we have performed impedance spectroscopy
measurements to get more insight on the charge dynamics of the device. The impedance
spectroscopy was performed using a white LED light source and a frequency range of 1
Hz- 1 MHz.
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FIGURE 5-5: a) Nyquist plot in high frequency b) Nyquist plot in low frequency

Two distinct frequency responses in the Nyquist plots are observed, one at the high
frequency (HF) range and one at low frequency (LF) range. It has been previously
reported that the frequency response at HF is tied to the charge transport resistance (Rtr)
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of the device, whereas the LF response is tied to the charge recombination resistance
(Rrec) of the device. 1% 119 We see an increase in Rtr when we increase the thickness of
PC70BM (FGI. 3a), which is in accordance with the increase of Rs from the dark J/V plots
due to the limited conductivity of the material. Upon introducing 0.3 % w.t. N-DMBI we
see a decrease in Rtr similar to the decrease of Rs. Increasing the thickness of PC70BM
also reduces Rrec (Figure5-5b) which is in accordance with the decrease of RsH. Rrec IS
tied to the charge accumulation under illumination at the electrodes of the device. Using
thick PC70BM we introduce more charge recombination events in the ETL due to the
increased trapping of the thick film and its limited conductivity. Rrec is substantially
improved upon introducing 0.3 % w.t. N-DMBI, which can also be seen from the

improvement of the FF, however it is still lower than the thin PC70BM based devices.

Following the characterization of 0.3 % w.t. N-DMBI based devices heat lifetime tests
are performed (60 °C, N) to verify that the devices based on thick doped PC70BM ETL
not only had improved PV parameters but also retained a high lifetime. The goal of this
work was not to achieve the highest possible PCE, but to evaluate the application of thick
fullerene diffusion blocking layers in conjunction with doping to achieve high stability

while still retaining a good compromise between lifetime and PV performance.
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FIGURE 5-6: Normalized lifetime plots of a) Voc, b) Jsc, ¢) FF and d) PCE after aging in 60 °C, N2

From the lifetime plots of Figure 5-6 we see that our reference devices based on thin (70
nm) PC70BM ETL there is a rapid drop in all PV parameters even at the first 24 h of aging.
This drop in PCE has been previously identified to be a result of ion diffusion (especially
I-) towards the electrodes of the device. By increasing the thickness of PC7BM the
lifetime is improved, by functioning as a thick diffusion blocking layer, achieving Tgo at
1000 h, however as discussed previously in this report, this comes to an expense to the
PCE of the device due to the limited conductivity of PC7o0BM. Using 0.3 % w.t. N-DMBI
doped devices we report improved lifetime while still retaining a good PCE. It is
important to note that when the doping was increased from 0.3 to 0.5 % w.t. N-DMBI
there is also a drop in lifetime. Following the discussion of the “just enough” doping
mentioned previously in this report as well as the simulations performed by Tessler et. al

we Dbelieve that by using 0.5 % w.t. N-DMBI we promote the I- diffusion and
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accumulation towards the metal electrode (following the n-type doping-anion correlation
previously discussed), thus decreasing the stability of the device as well. This further
highlights the importance of just enough doping concept. To visualize the trend of Jsc
lifetime we have performed photocurrent (PCT) measurements for all the devices

evaluated. The results are presented in Figure 5-7.
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Figure 5-7: PCT data of PC70BM based devices: a) 70 nm fresh, b) 200 nm fresh, ¢) 200 nm 0.3 %
w.t. N-DMBI fresh, d) 70 nm aged, e) 200 nm aged and f) 200 nm 0.3 % N-DMBI aged

As it is shown, the trend of Jsc closely follows the PCT data. It is important to note that
there is a slight increase in Voc upon aging for the devices based on thick (200 nm) for
both doped and un-doped PC70BM based devices. It has been previously reported that
heat treatment can promote PCzBM diffusion towards the grain boundaries of the
perovskite active layer, assisting in their passivation. *® Intentional doping of the
perovskite active layer with PC70BM has been reported to improve the PV parameters of
PSCs 1% and we believe that in our case a similar mechanism can happen due a
combination of large PC70BM thickness and its promoted diffusion due to the accelerated
heat tests. This is further highlighted by the increase in Rsy from the dark J/V plots and
Rrec from the Nyquist plots, which point towards reduced charge recombination, which
can happen upon grain boundary passivation.
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5.5 Summary

It is shown that thick PC70BM ETLs can be successfully utilized as diffusion blocking
layers for p-i-n inverted PSCs. By utilizing an optimal n-type doping concentration of 0.3
% w.t. N-DMBI in conjunction with thick (200 nm) PC7BM ETLs highly stable
(Ts0=1000 h under 60 °C, N) devices are achieved while still retaining good PCE at 13.1
%. By increasing the doping from 0.3 to 0.5 % w.t. we observe a drop in lifetime which
was correlated with the promotion of I diffusion towards the metal electrode following
the observations from the simulations by Tessler et. al. Retaining a good PCE was mainly
a result of improved Jsc and FF due to the improvement of the PC70BM conductivity,
which resulted in a decrease of Rs from 13.1 to 1.5 Q and increase of Rsy from 41.7 to
50.2 kQ. Utilizing thick PC70BM ETLs while still retaining a good compromise between
lifetime and PCE is important for the up-scalability of p-i-n- inverted PSCs and just-
enough doping is essential to retain this balance. The proposed method of incorporating
N-DMBI doped thick fullerene diffusion blocking layer within the inverted PVSK device
architecture can be in practice easily applied to roll to roll printing manufacturing process

providing a simple device engineering route for achieving high performance PSCs.
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6 SURFACE TREATMENT OF Cu:NiOx HOLE-
TRANSPORTING LAYER USING B-ALANINE FOR
HYSTERESIS-FREE AND THERMALLY STABLE
INVERTED PEROVSKITE SOLAR CELLS

6.1 Abstract

Inverted perovskite solar cells (PSCs) using Cu:NiOx hole transporting layer (HTL) often
exhibit stability issues and in some cases J/V hysteresis. In this chapter a p-alanine surface
treatment process on Cu:NiOx HTL is developed that provides J/V hysteresis-free, highly
efficient, and thermally stable inverted PSCs. The improved device performance due to
B-alanine-treated Cu:NiOx HTL is attributed to the formation of intimate
Cu:NiOx/perovskite interface and reduced charge trap density in the bulk perovskite
active layer. The B-alanine surface treatment process on Cu:NiOx HTL eliminates major
thermal degradation mechanisms, providing 40 times increased lifetime performance
under accelerated heat lifetime conditions. By using the proposed surface treatment,
optimized devices are reported with high PCE (up to 15.51 %) and up to 1000h lifetime
under accelerated heat lifetime conditions (60 °C, N2).
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6.2 Cu:NiOx performance inconsistencies and metal oxide amino acid

surface treatment

Although NiOx has been widely used as an effective HTL in terms of both PCE and
stability, its behavior has also been reported to be inconsistent. In particular, the stability
and performance of NiOx based devices can vary based on the deposition methods of the
NiOx films. For instance, PSCs based on combustion synthesis (CS)of NiOx films have
been reported to exhibit better ambient stability compared to their sol-gel counterparts
due to better interface with the perovskite as well as better perovskite film quality 4°. A
more recent approach for Cu:NiOx synthesis incorporates a sol-gel approach with various
organic solvents in order to avoid toxic catalysts. 14! Another factor that can negatively
impact the stability of PSCs is the presence of organic ligands on the surface of
nanoparticle suspensions of NiOx **2. Even by solely considering the nature of NiOx
films, the situation is not straightforward. The PCE of NiOx-based PSCs was reported to
have a large variation between 8% and 20 % even in cases where similar synthesis and
deposition methods of NiOx have been used #*. Furthermore, hysteresis effects have also
been observed. It has been reported in the literature that such effects can manifest due to
the composition of NiOx, which consists of NiO and Ni>Os, from which NiO is known to
have strong dipole moment **3, This can cause device limitations due to the appearance
of surface dipoles in NiOx, which can attract perovskite precursor ions (e.g., CHsNHs",
I and Pb?*) during the crystallization process and induce ionic vacancies and defects in
the perovskite crystal. This is particularly apparent if NiOx is used as a HTL for inverted
p-i-n PVSCs, because it acts as the underlayer and will affect the crystallization process
of the perovskite ', Metal oxides interact with atmospheric oxygen, especially when
photoexcited by UV light. Different from most organic semiconductors, which will
become oxidized, metal oxides can catalyze oxidative decomposition of other organic
materials which come in contact with. Oxygen is readily adsorbed at oxygen vacancies in
metal oxides, from where it can form reactive superoxide species upon UV light exposure.
%, These superoxide species will oxidize most materials they come in contact with,

including metal halide perovskites.
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Amino acids have been used before in the field of PSCs either as cross-linkers 4 or
anchoring groups 1 due to their unique structure (HOOC-R-NHs"). In terms of cross-
linking, their structure allows them to form hydrogen bonds between the cations and
halogen ions of the perovskite crystal, thus improving its properties.'** Furthermore, they
can be adsorbed in the surface of metal oxides through their COOH™ group, leaving their
NH3* group exposed, which in return can contribute to the crystallization process of the
perovskite. > A common amino acid is B-alanine, which has been previously used in the
form of B-alanine-HI salt, acting as an anchoring group on the surface of porous TiOg,
improving the PCE of normal-structured PSCs 4, B-Alanine has also been used as an
additive to PEDOT:PSS in order to reconstruct the distribution of —SO3z™ and —-SO3zH, thus

improving charge transport and collection as well as its hydrophobicity 46

In this chapter a p-alanine based surface treatment for Cu:NiOx HTLs is developed for
the inverted (p-i-n) PVSCs device structure. Due to a combination of more intimate
Cu:NiOx/Perovskite interface and passivation of oxygen vacancies is achieved, reducing
charge trap density both at the interface as well as in the bulk perovskite layer. Using the
proposed B-alanine surface treatment significantly reduced the hysteresis of Cu:NiOx-
based PVSCs is achieved and a champion PCE of 15.51 % is reported while also
improving stability from 24 h to 1000 h under accelerated heat conditions in inert
atmosphere (60 °C, Na).
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6.3 Cu:NiOx film characterization utilizing p-alanine surface

treatment

To study the effect of B-alanine-treated Cu:NiOx on the performance of p-i-n PSCs an
initial study was performed on both the film properties of Cu:NiOx and Cu:NiOx/f-
alanine as well as the perovskite film crystallized on top of Cu:NiOx and Cu:NiOx

accordingly.
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Figure 6-1. AFM images of a) phase contrast of quartz/Cu:NiOx, b) phase contrast of
guartz/Cu:NiOx/g-alanine, c) topography of 1TO/Cu:NiOx/Perovskite and d) topography of
ITO/Cu:NiOx/p-alanine/Perovskite.

Figure 6-1. shows the AFM data as well as the calculated roughness (RMS) and peak to
valley (P-V) of the films. Initially, the RMS of both Cu:NiOx and Cu:NiOx/B-alanine on
quartz are calculated and have shown similar values at ~3 nm. It is also worth noting that
when the perovskite film is coated on top of ITO/Cu:NiOx and ITO/Cu:NiOx/p-alanine
it has similar RMS of ~10 nm. This indicates that -alanine surface treatment does not
introduce any extra roughness to the Cu:NiOx film. Although the RMS of the perovskite
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film is very similar, there is a distinguishable difference in P-V. In detail, P-V is decreased
from 90 to 76 nm when the perovskite film is crystallized on top of ITO/Cu:NiOx/B-
alanine compared to ITO/Cu:NiOx. P-V is defined as the distance between the highest
peak and the lowest valley of a topographical image and is desirable to be as low as
possible in order to ensure compact, smooth and pinhole free films 14”. The phase contrast
data of ITO/Cu:NiOx/Pvsk and ITO/Cu:NiOx/B-alanine/Pvsk is shown in FIG. S1.

Figure 6-2: AFM measurements in phase contrast of a) ITO/Cu:NiOx/Pvsk, b)
ITO/Cu:NiOx/palanine/Pvsk

From Figure 6-1c,d and Figure 6-2 a similar morphology of the crystallized perovskite
between pristine and alanine treated Cu:NiOx is reported. Although wetting properties in
some cases influence the performance of interfaces, negligible difference in the contact
angle measurements of pristine Cu:NiOx and alanine-treated Cu:NiOx was observed as
shown in Figure 6-3, indicating that wetting properties by the proposed surface treatment
remain unaffected.
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Figure 6-3: Contact angle film measurements of a) Cu:NiOx, b) Cu:NiOx/alanine using 7v-
butyrolactone:DMSO (7:3) for the perovskite solvent.

Furthermore, having a bottom electrode with high transparency to ensure efficient light
transmission towards the active layer for the generation of carriers is required.
Considering these requirements, we have also performed transmittance and absorption
measurements in ITO/Cu:NiOx, ITO/Cu:NiOx/B-alanine, 1TO/Cu:NiOx/Pvsk and
ITO/Cu:NiOx/B-alanine/Pvsk films.
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Figure 6-4: a) Transmittance spectra of ITO/Cu:NiOx , ITO/Cu:NiOx/alanine and b) Absorbance
spectra ITO/Cu:NiOx/Pvsk, ITO/Cu:NiOx/p-alanine/Pvsk.
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The plots shown in Figure 6-4 indicate that there are no significant differences between
either the transmittance of ITO/Cu:NiOx and ITO/Cu:NiOx/B-alanine or the absorption
of the perovskite active layer, crystallized on top of the two aforementioned films.
Following the AFM measurements, contact angle measurements, absorption
measurements and photoluminescence (PL) spectroscopy was performed, using an
excitation wavelength of 500 nm, to determine the charge carrier recombination
characteristics of both Cu:NiOx and B-alanine-surface treated Cu:NiOx as well as the
perovskite active layer crystallized in the two different films. The absorption spectra
shown in Figure 6-5a show very similar characteristics and we can therefore deduce that
the band gap (Eg) of Cu:NiOx does not change significantly upon B-alanine treatment.
Equally interesting observations are indicated in Figure 6-4b. ITO/Pvsk exhibits a large
peak at 760 nm as expected. Since the HTL is absent, very poor quenching is observed
due to the poor carrier extraction and more frequent recombination events. Upon using
Cu:NiOx we immediately observe an improvement to PL quenching of more than 90 %,
indicating a great reduction in the band-to-band charge recombination and a better hole
carrier selectivity. Upon B-alanine-treatment of the Cu:NiOx the PL quenching is
improved even further (95 % quenching) pointing to even more efficient charge
collection and an efficient suppression of the electron-hole recombination. The reported
experimental results provide indication that charge traps lying in the Cu:NiOx/Pvsk
interface are passivated upon treatment with pB-alanine. Similar PL quenching behavior
was also reported by Shih et. al. 148, In their work, which studied the effect of surface
treatment using several amino acids including p-alanine on TiO2, they attributed this
observation to the preferential, perpendicular, orientation of the (110) plane of the MAPI
crystallites towards the amino acid treated surface. This was observed using grazing-
incidence wide-angle X-ray scattering of thin CH3zNH3Pbls perovskite films.® This
results to a more intimate interface of the metal oxide with MAPI, reducing the charge
trap density of the metal oxide/MAPI interface. We hypothesize that we observe a similar
behavior for the alanine treatment of Cu:NiOx. Furthermore Shih et.al have also
performed UPS measurements and have shown that the Ewr of TiO. upon alanine
treatment remains essentially the same. 1% Based on their results we do not expect a
considerable shift to the Ewr of Cu:NiOx either upon alanine treatment. Finally, the
conductivity values of pristine Cu:NiOx and alanine treated Cu:NiOx films were
measured using a four point probe system and no considerable change is observed
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(Cu:NiOx: 4.7 x 10-3 S/cm, Cu:NiOx/alanine 3.5 x 10-3 S/cm) in good agreement with
the values reported in the literature. 149 The similar conductivity values of Cu:NiOx and

alanine treated Cu:NiOx indicated that non-intentional doping effects are unlikely by the
proposed surface treatment.
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Figure 6-5. a) Absorption spectra of ITO/Cu:NiOx, ITO/Cu:NiOx/g-alanine and p-alanine

structure wused (inset figure) b) PL spectra of ITO/Pvsk, ITO/Cu:NiOx/Pvsk,
ITO/Cu:NiOx/p-alanine/Pvsk.
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6.4 Device characterization and thermal stability utilizing g-alanine

surface treatment

Following the film characterization, full PSC devices are fabricated based on two
different HTLs, pristine Cu:NiOx and p-alanine-treated Cu:NiOx. Two different

thicknesses of Cu:NiOx were evaluated (20 and 40 nm) as well as three different

concentrations of B-alanine solutions (30, 10 and 6 mg/mL). The perovskite active layer

used was based on a CHsNHsPbls (MAPI) formulation, detailed in the materials and
methods section. The main device structure used was ITO/Cu:NiOx (40nm)/CHsNH3Pbls
(300 Nnm)/PC7BM (70 nm)/BCP (7 nm)/Cu (80 nm). The thickness of each layer was
measured using a profilometer. The PV device parameters are shown in Table 6-1.

Standard deviation (SD) of the PCE is shown in Figure 6-6.

Table 6-1. PSCs PV parameters

. . Voc Jsc FF PCE
Device architecture N (o

(V) (mAlcm?) (%) (%)

ITO/Cu:NiOx (40 nm)/CH3NH3sPbls/PC7 BM/BCP/Cu 0.94 16.05 81.6 12.31
ITO/Cu:NiOx(40 nm)/B-alanine (30 mg/mL)/CHsNH3Pbls/PC70BM/BCP/Cu 1.05 14.54 48.4 7.40
ITO/Cu:NiOx (40 nm)/p-alanine (10 mg/mL)/CH3;NH3Pbls/PC7BM/BCP/Cu 1.07 17.68 70.2 13.31
ITO/Cu:NiOx (40 nm)/B-alanine (6 mg/mL)/CH3sNHsPbls/PC7BM/BCP/Cu 1.05 18.61 74 14.46
ITO/Cu:NiOx (20 nm)/CH3sNH3zPbls/PC70BM/BCP/Cu 1.03 17.19 79.5 14.13
ITO/Cu:NiOx (20 nm)/B-alanine (10 mg/mL)CH3;NH3sPbls/PC7,BM/BCP/Cu 1.07 20.13 71.7 15.51
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Figure 6-6: Average PCE and SD for the optimized devices based on Cu:NiOx (20 nm)

In Table 6-1 it is shown that upon surface treatment with B-alanine, the Voc of Cu:NiOx
based devices is increased from 0.94 to 1.05 V, however the FF drops dramatically from
81.6 to 48.4 %. We have observed that by decreasing the concentration of the B-alanine
solution, the FF is improved. This is to be expected since amino acids in general are not
conductive *°, and therefore a very thin layer should be coated on top of the Cu:NiOx to
maintain functional devices. It is worth mentioning that apart from Vo, the Jsc of devices
is also improved upon the surface treatment of Cu:NiOx with B-alanine. As mentioned in
the introduction, the stability of devices is equally important. The different device
structures mentioned in Table 6-1 were subjected to accelerated heat conditions in inert
atmosphere (60 °C, N2) to assess the effect of B-alanine treatment in the stability of the

devices.

By examining the lifetime plots in Figure 6-7 the difference in stability between Cu:NiOx
and B-alanine-treated Cu:NiOx is very apparent. The PCE of Cu:NiOx (40 nm) based
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devices drops at ~ 40 % even in the first 24 h of aging, primarily due to a drop in Js. In
the contrary, p-alanine-treated (10 mg/mL) Cu:NiOx devices retain their PCE and Tgo
(determined as the time needed for a device to reach 80 % of its initial PCE) is reached at
1000 h of aging. It is interesting to note that when the concentration of B-alanine is
decreased to 6 mg/mL, the stability is also decreased, with the PCE dropping at 60 % of
its initial value at 24 h of aging, similar to pristine Cu:NiOx. However, even if the PCE
dropped to 60 % of its initial value, this is retained even at 1000 h of aging, although it is
still lower than the standard Tso. When the thickness of Cu:NiOx is decreased from 40 to
20 nm, there is no significant difference observed in the device lifetime performances.
The J/V characteristics of devices were studied to understand the mechanisms behind the
degradation of Cu:NiOx devices and B-alanine-treated Cu:NiOx devices. Impedance
spectroscopy was also used to understand these mechanisms in more detail. The
characterization of devices was done in Cu:NiOx (40 nm) and Cu:NiOx (40 nm)/B-alanine
(10 mg/mL) based devices. Both device structures were characterized at a time frame
where the degradation phenomena were detectable but did not render the device un-
measurable (24 h for untreated Cu:NiOx-based devices and 1000 h for p-alanine treated
Cu:NiOx-based devices).

89



110
100
90
80
70
60
50
40
30
20
10

Normalized Voc (%)

110
100
20
80
70
60
50
40
30
20
10

Normalized FF (%)

5 - g DA Ry, S (TS I i

—— CcNiDx (40 nm)

—a— CuMidx (40 nm)/Alanine 10 mg/mL]
—— Cur M40 nmp# Inine & mgimL
00— Cue M D[ 20 nim)

—C— CurM i 20 nm)# Inine 10 mgémL

—— Cu M i 20 nm)id Inine § mgimL
1 1

400 600 800 1000

Time (Hours)

—m— Cu:NiCx (40 nm)

—8— Cu:NiCx(40 nm}iAlanine 10 mgimL|
—d— Cu:NiQx(40 nmpiAInine & mg/mL
—0— Cu:NiQx (20 nm}

c) o CurNiOx{20 A ine S mair
0 200 400 600 800 1000

Time (Hours)

110
100
90
80
70
60
50
40
30

Normalized Jsc (%)

110
100
90
80
70
60
50
40
30
20
10

Normalized PCE (%)

—— Cu:MiQx (40 nm)
—&— Cu:NiD x40 nmpAlanine 10 mgimL
—a— CuzNiD x40 nm)iAInine & mgimL
—O0— Cu:Midx (20 nm )

—C— Cu:Nidx[20 nmpiAlanine 10 mgimL
—ir— Cu:N i 20 nmpiAlanine 8 mgimL

400 600 3800 1000

Time (Hours)

—m— CocMi (40 nim)
|—8— Cu:Miux (40 nm)d Enine 10 mgimL
|— Cuc i (40 nm)& Inine & mgimL
—0— Cu:NiQx[20 nm)

Fi— CucNiQs (20 nm) Inine 10 mgémL
a— CurMiQe[20 nmVA Inine § mgfmL

400 600 3800 1000

Time (Hours)

Figure 6-7: Lifetime plots of normalized: a) Vo, b) Jsc, ¢) FF and d) PCE under accelerated
heat conditions.

Cu:NiOx based devices exhibit severe hysteresis as it is shown in Figure 6-8 which is

eliminated by leaving the devices under light soaking for 20 minutes. The PV parameters

of Cu:NiOx based devises, in the forward (FW) and reverse (RV) scan direction, before

and after light soaking are shown in Table 6-2.

90




[42]
o
[<2]
[=]

T T
—s— Cu:NiOx unsoaked FW scan —=— Cu:NiOx fresh

o 40 | [~ Cu:NiOx unsoaked RV scan & 40 | |—=— Cu:NiOx aged
g —s— Cu:NiOx 20m light soaking FW scan g —s— Cu:NiOx/alanine fresh
—— Cu:NiOx 20m light soaking RV scan = Cu:Ni i
2 30 a a 2 30| Cu:NiOx/alanine aged
E E
> 20 P 20
= =
§ 10} s 107
o o
T o t
< <
5 5
Q -10 Q
a)
a0 L | [ | \ \ \ | \ \ \ \ \ \
.50 -0.25 0.00 025 050 0.75 1.00 1.25 04 02 00 02 04 06 08 10 1.2
Voltage (V) Voltage (V)
100
—e«— Cu:NiOx fresh
— 107 90 | —=— Cu:NiOx aged
0 ——Cu:NiOX/alanine fresh
g 10 80 ¢ —— Cu:NiOx/alanine aged
a 101 70 -

60
50 |
40

= s
z 10 30(
® 405t —»— Cu:NiOx fresh

_c)

EQE (%)

5 —=— Cu:NiOx aged 20
O 10° —s— Cu:NiOxalanine fresh 10
7 —— Cu:NiOx/alanine aged 0 d)
10- 1 1 1 1 1 1 1 1 1 1 1 1
050 -0.25 000 025 050 0.75 1.00 350 400 450 500 550 600 650 700 750 800

Voltage (V) Wavelength (nm)

Figure 6-8: a) llluminated J/V characteristics of Cu:NiOx devices before and after light
soaking, b) illuminated J/V characteristics of fresh and aged Cu:NiOx and B-alanine-
treated Cu:NiOx devices, ¢) dark J/V characteristics of fresh and aged Cu:NiOx and -
alanine-treated Cu:NiOx devices, d) EQE spectra of fresh and aged Cu:NiOx and B-
alanine-treated Cu:NiOx devices.

Table 6-2. PV parameters of Cu:NiOx based devices before and after light

soaking.
Device architecture Voc (V) Jsc (MA/cm?) FF (%) PCE (%)
FW=0.94 FW=16.05 FW=81.6 FW=12.31
Cu:NiOx based devices without light soaking
RV=0.99 RV=11.42 RV=76.41 RV=8.61
) ] ] ] FW=0.98 FW=10.79 FW=77.4 FW=8.19
Cu:NiOx based devices after 20m light soaking
RV=0.97 RV=10 RV=74.2 RV=7.20
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The hysteresis of p-i-n PSC devices based on Ni:Ox was also reported in the literature as
we have previously stated and it was shown to have a recoverable effect on the PCE of
the device upon light soaking. **!In our case, even though the hysteresis is reduced
significantly after light soaking for 20 minutes, the PCE is not recovered, in the contrary
it decreases, primarily due to a decrease in Jsc. Interestingly, the Voc has increased after
light soaking. J/V hysteresis is a very common phenomenon in PSCs that has been
previously ascribed to trapping and de-trapping of charged carriers °1. Specifically Jsc
hysteresis has been previously ascribed to trapping of charged carriers due to bulk defects
of the perovskite layer 2, Upon light soaking, passivation of these traps can occur by the
charged carriers themselves, however less photo generated charges will contribute to the
Jsc of the device due to a change in local electrical polarization effects on the surface of
the crystal, resulting in poorer charge dissociation and reduction in Jsc. A similar
passivation mechanism can be used to explain the increase in Voc. Voc is directly related
to the built-in electric field (Egi) of the device which is affected by the accumulation of
charges at the electrodes. The increase in Voc after light soaking can be explained by the
reduction of charge accumulation at the interfaces of the devices. Trap passivation in the
Cu:NiOx/Pvsk interface due to charged carriers generated after light soaking can cause a
reduction to charge accumulation in this interface thus increasing the Voc L. Trap filling
phenomena have been previously reported to decrease the FF of PSCs upon light soaking.
141 This is also true in our case where we observe a drop in FF upon light soaking of
Cu:NiOx based devices as shown in Table 6-2.Upon surface treatment of Cu:NiOx with
B-alanine we observe an increase in Voc and Jsc as well as significant reduction in
hysteresis, shown in Figure 6-8b. Following the investigation of the observed J/V
characteristics of devices with and without light soaking, as well as the Ewr data reported
from Shih et. al 18, the increase in Voc can be attributed to a reduction of charge traps at
the Cu:NiOx perovskite interface and the increase in Jsc to reduced bulk defects in the
perovskite crystal. The reduction of charged traps both at the interfaces as well as the bulk
perovskite layer are also ascribed to the improved stability that f-alanine-treated Cu:NiOx
inverted PSCs shown. Significant changes are also observed in the dark J/V
characteristics shown in Figure 6-8c. In detail, B-alanine-treated Cu:NiOx based devices
show reduction in the series resistance (Rs) from 75.14 Q to 18.25 Q and increase in shunt
resistance (Rsn) from 15.47 k Q to 35.65 k Q, resulting to the improved Voc and Jsc that
these devices exhibit. The EQE spectra were also studied and presented in Figure 6-8d
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Interestingly, the shape of the spectra is similar between untreated and p-alanine-treated
Cu:NiOx based devices. The spectra of untreated Cu:NiOx are lower than p-alanine-
treated Cu:NiOx based devices. The EQE spectra of untreated Cu:NiOx based devices
show a significant decrease upon aging, following the Jsc drop, whereas B-alanine-treated
Cu:NiOx based devices show no significant decrease in their EQE. The photocurrent from
the EQE spectra was calculated using the overlap integral of the EQE spectrum with the
AM 1.5G global spectrum and was found to have <5 % deviation from the calculated Jsc
using the J/V characteristics for all the device structures under test (Cu:NiOx fresh: EQE
current=15.72 mA/cm?, JV current=16.05 mA/cm?, Cu:NiOx aged: EQE current= 8.31
mA/cm?, JV current= 7.91 mA/cm?, Cu:NiOx/alanine fresh: EQEcurrent= 17.76 mA/cm?,
JV current=17.68 mA/cm?, Cu:NiOx/alanine aged: EQE current= 17.47 mA/cm?, JV

current= 17.25 mA/cm?)

To have a visual representation of the degradation of untreated and B-alanine-treated
Cu:NiOx based devices we have performed photocurrent (PCT) mapping, shown in
Figure 6-9. PCT allows us to have a visual representation of the current distribution in the
device. Untreated Cu:NiOx based devices show non-uniform current distribution even if
they are fresh. There are also areas in the device that show very little presence of current,
which can be tied to the defects. Upon aging, the areas that show defects are enlarged and
show even further current loss. B-Alanine-treated devices show a much more uniform
current distribution which is also retained at a large degree even after aging. It is
interesting to note that there is a small current loss at the edges of p-alanine-treated
devices after aging shown in Figure 6-9d which can be tied to ingress of moisture from

the edges of the encapsulation cover slip after the prolonged aging test.
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Figure 6-9: Photocurrent mapping of a) fresh Cu:NiOx, b) aged Cu:NiOx, c) fresh g-
alanine-treated Cu:NiOx and d) aged B-alanine-treated Cu:NiOx based device.

To further investigate the origin of the degradation differences between the two device
structures we have performed impedance spectroscopy (IS) and Mott-Schottky (MS)
analysis. MS analysis is an extremely useful characterization technique that can be used
to distinguish mechanisms that take place in the active layer with those in the interfaces.
In reverse bias a capacitive plateau appears that corresponds to the geometric capacitance
(Cg), related to the dielectric characteristics and polarizability of the active layer. The
point of intersection of the linear slope with the x-axis corresponds to the estimated built-
in voltage (EVg)). It is interesting to note that the EVg deviates from the real Vg, value
due to the depletion approximation used in MS analysis. The depletion approximation
states that the capacitance in the space charge region manifests purely due to doping and
not free charges, which generally does not hold true close to the metal contacts where free
charges tend to accumulate. Although there is a deviation between EVgi and Vg it can
still be used for comparative studies tied with the Voc ' 12°, By varying the frequency
of the AC signal between high (HF) and low frequencies (LF) in MS analysis we can also
detect trapping phenomena. In general at LF, since we approach DC conditions, trapped
charges can de-trap and therefore by observing the change in MS plots between HF and
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LF we can have a rough understanding of the trapping phenomena inside the device 1%:
127 In FIG. 6-10a an increase of the capacitive plateau from 3.2x10° F/cm? to 1.4x108
F/cm? is observed when we change the frequency from 100 to 5 kHz for untreated
Cu:NiOx-based devices. The increase in capacitance at negative biases when we decrease
the frequency indicates the presence of trapped charges in the space charge region, which
is related to bulk defects of the perovskite layer. Capacitance increases further from
1.4x10® F/cm? to 7x10°" F/lcm? when we age the untreated Cu:NiOx-based devices and
we keep the frequency constant at 5 kHz. When choosing an appropriate frequency for
MS analysis it should usually coincide in the high-frequency plateau of the relevant
capacitance frequency (CF) plot '2°. CF measurements were performed using this
particular perovskite formulation and a similar p-i-n device structure in our previous work
and therefore 5 kHz is an appropriate choice for our particular measurements 84 In
comparison, B-alanine-treated Cu:NiOx devices retain their capacitance at ~2x10"° F/cm?
between HF and LF as well as after aging. These results agree with the Jsc and hysteresis
behavior of both untreated and B-alanine-treated Cu:NiOx based devices. By observing
the Nyquist plots we can observe two different frequency features at HF and LF, as
denoted by the two different semi-circle arcs similar to what it is reported in the
literature'® The HF feature was previously attributed to the charge transport resistance
(Rtr). There is also a small series resistance (Rs) shown by the indent of the curve with
the y-axis and is attributed to the resistance from the experimental setup as well as the
ITO. 1®The LF feature was previously attributed to ionic diffusion and the charge
recombination resistance (Rrec) due to charge accumulation at the interfaces.*>**° Under
illumination the charge accumulation at the interfaces has been reported to be the
dominant mechanism, similar to our case 1% ¢, Using the equivalent circuit model from
our previous work & we have fitted the Nyquist plot data in order to extract values for
Rtr and Rrec .Upon alanine treatment we report a drop for Rtr from 1.6 to 1.3 kQ and an
increase to Rrec from 19.5 to 33 kQ . These values are in good agreement with the drop
of Rs and increase of Rsn respectively. Since Rrec is tied to the charge accumulation at
the interfaces, we can conclude that B-alanine-treated Cu:NiOx devices exhibit reduced
charge trap density at the Cu:NiOx/Perovskite interface. This is also in agreement with
the increased EVg) in the MS analysis and improved Voc that B-alanine-treated Cu:NiOx

devices exhibit.

95



8.0x10"7 7x10"

—=—Cu:NiOx 5 kHz =5 kHz —— Cu:NiOx fresh
—=— Cu:NiOx 100 kHz 5x1017— —-—Cu:N@Dxageq
—=— Cu:NiOx/alanine 5 kHz —s— Cu:NiOx/alanine fresh
As_nx-lnﬁ_ —— Cu:NiOx/alanine 100 kHz ;5x1n17 —— Cu:NiOx/alanine aged
N 1
5 q:g ax10"7
Ly 17
v 4.0x10
L Zax10"
o
Q [S]
= = 2x10"
T 2.0x10" -
1x10"7
a) b)
0.0 0 n I T ;
40.500.25 0.00 025 050 0.75 1.00 1.25 050 -0.25 0.00 0.25 050 0.75 1.00 125
Voltage (V) Voltage (V)
—— Cu:NiOx fresh
10000 | |—— Cu:NiOx aged
—-—Cu:N@Dm’alan@nefresh
8000 _—-—Cu:Nlom’alanmeaged
E 6000
9 L
N 4000 |
2000 -
c)
0 1 1 1 1 1
0 3000 6000 9000 12000 15000

Z' (Ohm)

Figure 6-10: Mott-Schottky plots of a) untreated and p-alanine-treated Cu:NiOx-based
devices in 5 and 100 kHz b) fresh and aged untreated an g-alanine-treated Cu:NiOx-based
devices at 5 kHz, ¢) Nyquist plots fresh an aged untreated and p-alanine-treated Cu:NiOx-
based devices.

The presence of traps in the Cu:NiOx/Pvsk interface as well as the degradation
mechanisms of perovskite bulk layer can be explained by examining the nature of metal
oxides. In particular, metal oxides functionality, including the Cu:NiOx under
investigation within this work are known to influenced by oxygen vacancies that are
caused by the impurities and the changes of stoichiometry. 7 The creation of oxygen
defects within the metal-oxide is caused by loss of oxygen atoms which can serve as
active sites on which oxidation or reduction take place during photocatalytic activity, or
a trapping site which can inhibit and reduce the functionality of inverted PVSCs.
Oxygen vacancies can function as trap states themselves by inhibiting the carrier
movement inside the charge-selective layer, in our case Cu:NiOx, as well as the
Cu:NiOx/Pvsk interface and therefore promoting charge recombination in the interfaces
of the device. Furthermore, metal oxides are known to form reactive superoxide (O2)
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species by adsorbing atmospheric oxygen through their vacancies and reacting with UV
from ambient light. The O2™ can further negatively impact PVSCs by deprotonating the
MA cation through oxidation and therefore negatively impact both PCE and cause
instability by introducing charge traps in the active layer. 8 Deprotonation of the MA*
cation was also recently reported by McGehee et. al to be caused the Ni=** metal cation
sites in NiOx that can act both as Brgnsted proton acceptors and Lewis electron acceptors
and can react with the amine functional groups. This results in cation-deficient perovskite
crystals, which cause poor hole extraction in the NiOx/Pvsk interface and promote charge
recombination. In their work they used excess cation salts during the Pvsk active layer
deposition to neutralize this effect. It is hypothesized that this happens to an extent in this
case as well since alanine can function as a source of amine functional groups, similar to
the MA* cation and therefore neutralize the effect described by McGehee at. al.*>®
Through the proposed metal-oxide p-alanine treatment we have shown that the charge
trap density can be reduced both at the Cu:NiOx/Pvsk interface as well as the perovskite
active layer 13718 The experimental results indicate the importance of the reduction of
oxygen vacancies and therefore passivation of the charge traps for the development of
high performance inverted PVSCs that are based on metal-oxide HTLs. By optimizing
the thickness of Cu:NiOx high PCE is achieved while still retaining the improved lifetime.
By decreasing the thickness of Cu:NiOx to 20 nm and by using the proposed B-alanine
surface treatment, hysteresis-free devices with a PCE=15.51 % (Figure 6-11) and
improved stability with T80 at 1000 h under accelerated heat conditions (60 °C, N2) are

developed.
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Figure 6-11: J/V characteristic of optimized ITO/Cu:NiOx/g-alanine/Pvsk/PC70BM/BCP/Cu

6.5 Summary

It is identified that the main reason for the poor device performance and J/V hysteresis of
inverted (p-i-n) PSCs incorporating Cu:NiOx HTLs to be the presence of charge traps at
the bulk perovskite active layer as well as the Cu:NiOx/Pvsk interface. A p-alanine based
metal-oxide surface treatment method is introduced that can improve the performance
and stability of inverted PVSCs incorporating Cu:NiOx HTLs. Using B-alanine-surface
treatment a reduction of interfacial charge trap density due to the formation of a more
intimate Cu:NiOx/Pvsk interface is achieved, which results in improved Voc. The
improved Jsc is attributed to the reduced oxygen vacancies on p-alanine-treated Cu:NiOx
HTL which leads to the reduction of the bulk perovskite active layer charge trap density.
Those effects contribute to the improved PCE and stability of inverted PSCs that are using
B-alanine-surface treated Cu:NiOx HTLs. Using the B-alanine metal-oxide surface
treatment hysteresis-free inverted PSCs with PCE=15.51 % are reported. More
importantly the thermal stability is greatly improved from 24 h for the un-treated Cu:NiOx
HTL to 1000 h for the B-alanine-surface treated Cu:NiOx HTL based inverted PSCs at
accelerated heat lifetime conditions in inert atmosphere (60 °C, N2). The proposed surface
treatment process using B-alanine can be applied in other functional metal oxides, thus

paving the way to hysteresis-free, high performance and long-lived PSCs.
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7 CONCLUDING REMARKS

7.1 Summary of results

One of the main obstacles towards commercialization of perovskite PVs is their limited
lifetime performance. The interaction of the Al metal electrode with the perovskite active
layer through diffusion mechanisms is the main thermal degradation mechanism for
inverted perovskite solar cell under heat accelerated lifetime conditions. This Thesis first
proposed that a 200 nm thick PC70BM diffusion blocking layer can be used to isolate the
CHsNH3Pblz active layer from the top metal electrode, a procedure that effectively
improves the device stability upon accelerating lifetime heating at 85 °C from 24 hours
to over 168 hours. This improved thermal stability however is attained at the cost of
reduced PCE due to the thick PC70BM fullerene buffer layer used for the isolation of the
CHsNH3Pbl3 active layer from the top Al metal electrode.

This Thesis has further shown that colloidal synthesized y-Fe>Os can be effectively used
to provide solution processed nanoparticulate interfacial layers within the top electrode
of inverted PVSCs. Inverted PVSCs with PC7BM/Fe;O3/Al top electrode yield
comparable PCE value to more conventional inverted PVSCs top electrodes such as
PC70BM/Al and PC70BM/AZO/AI. The proposed inverted PVSCs y-Fe2Os top electrode
interface modification (PC70BM/Fe2O3/Al) results in improved stability under accelerated
heat conditions at 60 °C and N2 atmosphere. On the contrary PC70BM/AZO/AI device has
shown the worst stability due to the deprotonation of MA* induced by the basic nature of
ZnO compared to more acidic y-Fe>Os. Overall, PC7o0BM/y-Fe2O3/Al results in less
population of charge traps that potentially lie in the PC70BM/Al interface and, therefore,

v-Fe203 interface modification provides a better top electrode for inverted PVSCs.

As discussed above thick fullerene-based diffusion blocking layers although improve
lifetime performance reduce PCE. To reduce the efficiency-stability gap of devices based
on thick PC7oBM diffusion blocking layers n-type doping of PC70BM to improve the
electronic material conductivity was explored. By utilizing an optimal n-type doping
concentration of 0.3 % w.t. N-DMBI in conjunction with thick (200 nm) PC7oBM ETLs
highly stable (Tso=1000 h under 60 °C, N,) devices are achieved while still retaining good
PCE at 13.1 %. By increasing the doping from 0.3 to 0.5 % w.t. a drop in lifetime is
observed which was correlated with the promotion of I diffusion towards the metal
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electrode following the observations from the simulations by Tessler et. al. Retaining a
good PCE was mainly a result of improved Jsc and FF due to the improvement of the
PC70BM conductivity, which resulted in a decrease of Rs from 13.1to 1.5 Q and increase
of Rsy from 41.7 to 50.2 kQ. Utilizing thick PC70BM ETLs while still retaining a good
compromise between lifetime and PCE is important for the up-scalability of p-i-n-
inverted PSCs and optimized doping is essential to retain this balance. The proposed
method of incorporating N-DMBI doped thick fullerene diffusion blocking layer within
the inverted PSC device architecture can be in practice easily applied to roll to roll
printing manufacturing process providing a simple device engineering route for achieving

high performance PSCs.

Finally, many of the physical and engineering aspects that govern the behavior of hybrid
perovskite photovoltaics occur at interfaces, this Thesis proposed an amino acid-based
surface treatment method using B-alanine for Cu:NiOx HTLs is proposed to improve
Hybrid Perovskite inverted PVs reliability and stability. It is identified that the main
reason for the poor device performance and J/V hysteresis of inverted (p-i-n) PSCs
incorporating Cu:NiOx HTLs to be the presence of charge traps at the bulk perovskite
active layer as well as the Cu:NiOx/Pvsk interface. The introduced a B-alanine based
metal-oxide surface treatment method improves the power conversion efficiency and
thermal stability of inverted PVSCs incorporating Cu:NiOx HTLs. Using p-alanine-
surface treatment reduced interfacial charge trap density is achieved due to the formation
of a more intimate Cu:NiOx/Pvsk interface, which results in improved Voc . The
improved Jsc is attributed to the reduced oxygen vacancies on p-alanine-treated Cu:NiOx
HTL which leads to the reduction of the bulk perovskite active layer charge trap density.
The work included in this Thesis reported hysteresis-free inverted PSCs with PCE=15.51
%. More importantly the thermal stability is greatly improved from 24 h for the un-treated
Cu:NiOx HTL to 1000 h for the p-alanine-surface treated Cu:NiOx HTL based inverted
PSCs at accelerated heat lifetime conditions in inert atmosphere (60 °C, N2).
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7.2 Future perspectives

7.2.1 Perovskite solar cells based on FAPbls and CsPbls nanocrystals

In parallel to hybrid perovskite based electronic materials, Perovskite nanocrystals
(PNCs) have attracted tremendous attention over the years for both LEDs and solar cells
applications. Several inherent material properties are desirable for perovskite nanocrystal
based optoelectronic applications such as high photoluminescence quantum yield
(PLQY) ' as well as the minimization of radiative recombination processes. 6!
Furthermore, PNCs show relatively high defect tolerance and tenability of the band gap
due to the easy control of the size of the nanoparticles (NPs).1%2 In parallel to the detailed
hybrid perovskite PVs work presented within this Thesis initial studies on perovskite
nanocrystal FAPblz and CsPbls solar cells were also performed. Specifically, the
photovoltaic (PV) performance of FAPbIs and CsPbls in various processing conditions
such as in ambient and inert fabrication atmospheres as well as introducing several ligands

washing (LW) steps were evaluated.
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Figure 7-1: Topographical images of: a) FAPDbIs pristine, b) FAPbls FAI washing, c) FAPbIs
FAI+EtAc washing. Phase contrast image of d) FAPbIs pristine, e) FAPbls FAI washing, f) FAPbIs
FAI+EtAc washing.

Based on the previous published work from Luther et. al we have based the studies
around the concept of introducing a ligand washing step with FAI in EtAc on top of the
PNC active layer in order to ensure proper washing of the oleic acid ligands. %3 AFM

measurements were performed for ITO/FAPbIs films in three different conditions:
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pristine, FAI washing and FAI+EtAc washing. From the AFM images we see
enlargement of grain size upon washing with FAI and FAI+ EtAc. Treating the films with

EtAc results in agglomeration of the NPs and therefore enlargement of grain size.
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Figure 7-2: a) J/V curves for the champion device, b) J/V curves in inert and ambient conditions, c)
dark J/V and d) Nyquist plots.

Perovskite nanocrystal based solar cell devices were fabricated based on a planar normal
PV structure of ITO/TiO2/FAPDbIs/M0Os/Al. The active layer was treated with a
combination of FAI in EtAc and pristine EtAc to ensure proper LW and remove the oleic
acid ligands. The above process was repeated 3 times since previous experiments found
that provide improved performance. The PV parameters are shown in Table 7-1. The
maximum PCE achieved with FAPbI3 devices was 1.93 % utilizing 3 LW steps.
Comparing the devices fabricated in ambient conditions with devices in inert conditions
we see that their PCE is significantly lower (0.09 %), primarily due to a drop in Voc and
Jsc. Studying the dark J/V plots and impedance spectroscopy we deduce that the low Jsc
that is observed in FAPbI3 base devices is a result of the high Rs, which can be a result of
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improper LW and residual oleic acid ligands. This is further shown in the Nyquist plots
where a parasitic resistance manifests between high and low frequency (HF and LF)
regimes.

Solar cell devices were also fabricated based on a planar normal structure of
ITO/TiO2/CsPblz/MoOs/Al. The active layer was treated with a combination of FAI in
EtAc and pristine EtAc to ensure proper LW and remove the oleic acid ligands. This

process was repeated 3 times, which was previously found to be the optimum. The PV
parameters are shown in Table 1.
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Figure 7-3: Devices based in GB and air for a) FAPbI3 based devices and b) CsPblz based devices

Comparing devices that were fabricated in inert and ambient conditions we can see that
devices based on CsPblz give similar PCEs (~1.8 %), although the devices in ambient
conditions are less reproducible. On the other hand, devices based on FaPbls exhibit a
significant drop to the PCE from 1.14% (1.93 % champion) to 0.09 %.
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Table 7-1: PNCs PV parameters

Device architecture Voc (V) Jsc (MA/cm?) FF (%) PCE (%)
ITO/TiO2/FAPbI3/MoOs/Al (champion) 0.88 5.45 40.4 1.93
ITO/TiO2/FAPbI3/MoOs/Al (inert) 0.84 3.85 354 1.14
ITO/TiO2/FAPbI3/MoOs/Al (ambient) 0.68 0.32 40.3 0.09
ITO/TiO2/CsPbls/MoOs/Al (inert) 0.96 4.78 394 1.81
ITO/TiO2/CsPbls/MoO3/Al (ambient) 1.26 3.50 42.3 1.87

Following the initial experimental work on PNC solar cells the high Rsand low Jsc were
identified as the main limiting factors for the low PCE. Two limiting factors that were
identified were the limited conductivity due to improper LW of oleic acid and the
inherently high charge recombination due to the quantum confinement effect of the NCs.
To tackle these issues several ideas are explored currently. In detail, different weaker-
bound ligands such as DDAB are explored as an alternative to oleic acid as well as
optimization of the LW procedure by using different combinations of EtAc with other
precursors such as Csl. Furthermore, in order to improve the electron extraction and NC
based active layer light harvesting capabilities, devices incorporating a bulk
heterojunction structure involving a mixture of NCs and molecular based electron
acceptors will be investigated. Some of the options that will be explored is mixing the
NCs with the commonly used PCBM as well as non-fullerene acceptors such as Y6
aiming to further improve NCs based PVs performance. Furthermore, by utilizing Y6,
absorption at lower energy wavelengths (~950 nm) can be achieved compared to both
FAPbI3 (~775 nm) and CsPbls (~650 nm), therefore improving the light harvesting

capabilities of the PNC active layer. 164
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