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ABSTRACT

The high sensitivity of perovskite solar cells (PSCs) prevents them from revolutionising the renewable energy
landscape. With this in mind, this thesis aims to manufacture PSCs with greater stability, primarily focusing
on optimising the active layer. To achieve this goal, the study was focused on CHsNHsPbBrs, a perovskite
with a wide-bandgap of 2.30 eV, known for its superior stability compared to more extensively researched
organohalide perovskites. Its deposition is carried out using the spin-coating technique under ambient air con-
ditions, which makes the process more challenging, due to its sensitivity to environmental conditions such as
temperature and relative humidity. In order to promote the enhancement of the stability of PSCs, the addition
of quantum dots (QDs) at different concentrations in the perovskite matrix was investigated. To support this
research, the synthesised thin films were characterised using SEM, XRD, PL and UV-Vis spectrophotometry.
The optoelectronic performance of the devices was also analysed whilst they were stored in vacuum and in
ambient air, to assess their stability in different environments.

The introduction of QDs was successful, especially at a concentration of 2.00 mg/mL, as it reduced the
degradation rate of the devices. After 1320 hours in vacuum, cells manufactured with QDs increased their
power conversion efficiency (PCE) from 2.03 % to 2.39 %, an increase of 18 %. In contrast, in pristine cells a
41.9 % decrease was observed, from 1.24 % to 0.72 %. When exposed to ambient air, the pristine devices
ceased to operate entirely, whilst devices with QDs maintained a PCE 12 % higher than the initial value, this
is, 2.28 %.

Keywords: Photovoltaics, Wide-bandgap perovskite solar cells, PbS quantum dots, Air-processing, En-
hanced stability
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RESUMO

A alta sensibilidade das células solares de perovskite (PSCs) previne-as de revolucionarem o panorama das
energias renovaveis. Posto isto, esta tese tem como objetivo a fabricacdo de PSCs com maior estabilidade,
focando maioritariamente na otimizagcdo da camada ativa. Para tal, recorreu-se ao estudo de CHsNH3zPbBrs,
uma perovskite com wide-bandgap de 2.30 eV, com estabilidade superior relativamente as organohalide pe-
rovskites mais investigadas. A sua deposicéo é realizada através da técnica de spin-coating em condicGes de
ar ambiente, algo que torna o processo mais desafiador, dada a sua sensibilidade a temperatura e humidade
relativa. De modo a promover o maior aumento da estabilidade das PSCs, foi estudada a adi¢do de quantum
dots (QDs) em diferentes concentragcdes na matriz da perovskite. Para apoiar esta pesquisa, os filmes finos
sintetizados foram caracterizados por SEM, XRD e espetrofotometria PL e UV-Vis. O desempenho optoelec-
tronico dos dispositivos foi também analisado enguanto estes se encontravam armazenados em vacuo e em ar
ambiente, de modo a averiguar a sua estabilidade em diferentes meios.

A introducéo dos QDs foi um sucesso, em especial com uma concentra¢do de 2.00 mg/mL, dado que
permitiu reduzir o ritmo de degradacdo dos dispositivos. Depois de 1320 h em véacuo, células fabricadas com
QDs aumentaram a sua eficiéncia de conversdo de poténcia (PCE) de 2.03 % para 2.39 %, um aumento de
18 %. Por outro lado, nas células pristinas observou-se um decréscimo em 41.9 %, del.24 % para 0.72 %.
Quando expostos ao ar ambiente, os dispositivos pristinos deixaram totalmente de operar, enquanto os dispo-
sitivos com QDs apresentaram uma PCE 12 % superior a inicial, isto é, 2.28 %.

Palavas chave: Fotovoltaico, Células solares de wide-bandgap perovskite, Quantum dots de PbS, Processa-
mento em ar ambiente, Estabilidade melhorada
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MOTIVATION AND OBJECTIVES

Climate change is causing increasingly frequent and severe consequences, such as extreme weather events and
global temperature rise, ultimately resulting in unprecedented ecological disruptions. For this matter, the pur-
suit of sustainable, clean, and renewable energy sources has been more critical than ever. Photovoltaic systems,
being able to capture the limitless energy from the sun, can produce clean electricity, therefore playing a crucial
role in tackling the effects of climate change.

Silicon-based solar cells currently dominate the solar energy market, making up approximately 95% of
the global photovoltaic market (2023).[1] A major reason for its widespread use is the abundance of silicon,
the primary raw material, which is the second most abundant element on Earth’s crust. However, the produc-
tion of silicon-based solar cells involves the use of vacuum systems and high temperature procedures that
require great amounts of energy. For these reasons, new materials and technologies are sought to further en-
hance the sustainability of PV systems.

Thin films have emerged as an alternative technology to the traditional silicon-based solar cells. One of
the most promising technologies in this field are perovskites solar cells (PSCs). Given their excellent proper-
ties, perovskites have been intensively studied over the last years, rapidly transforming the solar energy land-
scape. Their remarkable optoelectronic properties have led to significant efficiency enhancements, being the
current power conversion efficiency record for single junction PSCs 26.1 %.[2] Not only that, but perovskites
can also be integrated into tandem systems, in which when coupled with silicon solar cells allow to comple-
ment the traditional technology, achieving a current maximum power conversion efficiency (PCE) of
33.7 %.[2]

Nevertheless, the majority of the research has been mostly aimed on increasing the PSCs’ PCE, so that
they can compete with conventional silicon solar cells. This left another important subject unattended, PSCs’
stability. Perovskites are extremely sensitive to environmental factors, such as moisture, oxygen, UV radiation
and heat. This sensitivity presents a significant challenge for commercialisation, since prolonged exposure to
these elements leads to rapid degradation, compromising, consequently, their long-term stability.[3], [4]

Therefore, the objective of this thesis, given the great potential of PSCs, is to study, and try to enhance
their long-term stability, so that this technology can enter the photovoltaic market and revolutionise it. To
achieve this goal, a different and more stable perovskite material (MAPbBTr3) with a wide-bandgap, of 2.30 eV,
to be used in several applications that requires higher voltage outputs such as water splitting, tandem devices
with other perovskites or other PV technologies, and great potential with Intermediate band solar cells (IBSCs),
is used instead of the most common one (MAPbIs), as the active layer for solar cells. Two different deposition
approaches to deposit the absorber layer, one-step and two-step methods, are also studied. Additionally, an
additive, 4-tert-buthylpyridine, is added to the perovskite matrix in order to try to increase the PCE of PSCs.
Moreover, PbS-QDs, are incorporated into the perovskite matrix, since it has been demonstrated that, in small
concentrations, are able to increase the stability of perovskite devices.
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INTRODUCTION

1.1 Perovskite Solar Cells

In the previous years, hybrid organic-inorganic halide materials have been widely researched in photovoltaics
because of their great optoelectronic properties.[5] These materials are characterised for having a crystal struc-
ture of perovskite, ABXs, where A is a large cation, usually organic, like methylammonium (MA*, CH3sNHs")
or formamidinium (FA*, NH,CHNH,"), B is also a cation but of smaller size, being lead (Pb) the most used
element, although tin (Sn) has also been used, and X is a halogen anion, being iodide, bromide and chloride
(I7, Br~, and CI, respectively) the most used ones. Therefore, thin film solar cells composed by these materials
are denominated perovskite solar cells (PSCs). PSCs follow, usually, a n-i-p structure of the following layers:
glass that acts as the substrate; a transparent conducting oxide (TCO); an electron transporting layer (ETL);
the absorber, a perovskite material; a hole transporting layer (HTL); and a metallic back contact, as seen in
Figure 1.[6]

Figure 1. Perovskite solar cell n-i-p structure (not to scale)

The research of PSCs was first reported in 2009, with cells having a power conversion efficiency (PCE)
of 3.8%, and, since then, many other studies have been published, resulting in a rapid improvement in effi-
ciency in the following years.[6], [7] Currently, the record efficiency for single junction PSCs is 26.1 %, and
for tandem solar cells, when coupled with silicon solar cells, the efficiency is 33.7 %.[2]

Perovskite materials have great properties that make them interesting to study. Some of these properties
are high absorption coefficients, long carrier diffusion lengths and high charge carrier mobility, which ulti-
mately, when in solar cells, allow for excellent performances, enabling high PCE values.[8] However, these
are common requirements for all solar cells technologies. What distinguishes it from silicon solar cells is its
low temperature processing, and easy and low-cost production. Additionally, depending on what halogen



element one chooses to use, perovskites’ bandgap can be precisely tuned, ranging from 1.30 eV up to wide-
bandgap values of 2.40 eV, allowing it to capture radiation from specific parts of the solar spectrum. For in-
stance, by replacing the halogen material in MAPb(I,-<Bry)s, | ions for Br ions, the bandgap is tuned from
1.50 eV to 2.30 eV.[9] Studies concerning record breaking efficiencies use mostly low-bandgap perovskites
so that a wider range of the solar spectrum is absorbed, and, for this reason, perovskite containing iodine are
used for this aim.

1.2 Wide-bandgap Perovskite Materials

Wide-bandgap perovskites, contrary to low-bandgap solar cells, do not cover as much of the solar spectrum.
Nevertheless, it does not mean that wide-bandgap perovskites are not investigated. Such materials can be in-
corporated as the top layer when coupled with silicon or CIGS solar cells to fabricate double-junction tandem
systems. For perovskites with really high bandgap energy values, for instance MAPDBTs3, triple-junction tan-
dem solar cells can also be fabricated in a perovskite-perovskite-silicon tandem system that allows for greater
PCE values.[10] Moreover, wide-bandgap perovskites can also be applied to fabricate solar water splitting and
CO; reduction devices, since they can supply high voltages which are required for such applications.[11]

Another application for wide-bandgap perovskites is the fabrication of intermediate band solar cells
(IBSC).[12] In IBSC, an intermediate band is introduced, for instance with the addition of quantum dots into
wide-bandgap perovskites’ matrix, in addition to the valence and conduction bands of the perovskite. The
introduction of such band allows greater absorption of photons, rising the theoretical maximum conversion
efficiency up to 63.1 %.[13]

In wide-bandgap perovskites, the change in the bandgap energy from the replacement of iodine for bromide
results in a change of colour, enabling wide-bandgap solar cells to, not only be used in energy harvesting
applications, but also in building applications.[14] Since perovskite deposition and synthesis take place at low
temperatures, it is suitable to be deposited on flexible substrates. Given that they are flexible, they can be easily
integrated on small, large, and curved surfaces, and due to their lightweight they can be portable. All these
features allow a wide range of applications. making PSCs an extremely attractive technology.[15]-[19]

1.3 Stability Drawbacks of Perovskite Materials

Despite all the advantages, there are drawbacks that limit its production scalability and commercialisation.
Stability is the main issue because of how sensitive PCSs are to oxygen, moisture, temperature, and ultraviolet
(UV) light, therefore accelerating its degradation rate, shortening its lifetime, and restricting its applicabil-
ity.[3], [4] For these reasons, blocking all the harmful agents is extremely important.

1.3.1 Ultraviolet-Induced Degradation

UV photocatalytic degradation harms PSCs’ performance on the long term significantly, and this is mainly
caused by the ETL layer. The ETL layer has a higher energy bandgap than the absorber layer, hence, the UV
radiation will be absorbed by it and generate an electron-hole pair, which will lead to the decomposition of the
perovskite layer. As reported [20], TiO- has great capacity to extract electrons, and in the case of perovskite,
it will target the halogen, leading to the formation of X~ at the ETL/perovskite interface, and afterwards the
formation of X resulting, consequently, in the degradation of the perovskite layer over time.

It also happens with SnO,, even though in slower rate. The degradation mechanism is slightly different
when compared with TiO,. In a first stage, perovskite degrades into AX and BX., and this latter, after elec-
tron/hole pair generation separates, due to redox reactions, into B and X, which vastly harm the cells.[20]
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1.3.2 Humidity-Induced Degradation

As for humidity, taking MAPbI; as example, it is stated that after 55 % relative humidity (RH) the degradation
mechanism starts to take place, leading, eventually, primarily to the formation of Pbl, precipitate, CH3NH:lI
and HI which are volatile, and the latter when exposed to oxygen and light results in Hz and I2.[21], [22]
Nakamura et al. suggested that the mechanism involved is not that simple, being even different when cells are
simultaneously exposed to light and humidity, forming CHsNHsl and NH4Pbl.*H>0, and decomposing solely
to Pbl, when exposed only to humid environments.[23] Toloueinia et al. showed that the degradation rate is
also dependent on the level of humidity, stating that at RH values lower than 80 %, the degradation is less
pronounced but at higher values it becomes much more evident, confirmed by XRD analysis.[24]

1.3.3 Heat-Induced Degradation

From all the degradation sources, thermal degradation is harder to solve given the fact that when solar cells
are exposed to sun light they will accumulate heat, which is difficult to avoid in solar harvesting applications,
and consequently increase the degradation rate.[25]-[27] The A cation in a perovskite has great influence in
the thermal stability of the films.[28] Moreover, not only does the perovskite layer influence the overall sta-
bility of PSCs, but also the HTL.[29]

1.4 Solutions to Stability Drawbacks

1.4.1 UV filters

To prevent-UV induced degradation, various strategies can be employed. These approaches include the use of
UV filters [30][31], photoluminescence materials that downshift the absorbed light [32], or even interlayer
materials [31] [33].

1.4.2 Encapsulation

Compared with other optoelectronic devices, PSCs fall behind in moisture and oxygen resistance research, as,
for instance for LEDs (light-emitting diodes), encapsulants already protect devices from moisture and oxygen
whilst having improved resistance to UV degradation and high transmittance.[34]

Water contact angle measurements show that films encapsulated are more hydrophobic than films with-
out it, proving the moisture blocking ability of polymers, leading to longer lifetime of PSCs.[35] Additionally,
UV-Vis absorption spectra display the clear steadier rate of degradation of encapsulated films, also supported
by XRD and time-framed images of the films where a colour change from brown to yellow is noticeable in
unencapsulated films, attributed to the formation of Pbl..

Therefore, encapsulation is an obvious solution, but critical, as it enhances the stability of PSCs. One
way to seal them is with thin film encapsulation (TFE), as the top sheet facing the sun, which can be deposited
at low temperatures and prevent moisture from entering the cell. Humidity and oxygen can also infiltrate from
the sides of the solar cell, and for long-term stability it must be kept to a minimum. Epoxy resins are used as
edge seals, and in combination with TFE, PSCs show great resistance to oxygen and moisture.[36]

However, for thin film solar cells, flexible applications are extremely attractive, but rigid encapsulation
cannot be applied for flexible solar cells, and since flexible encapsulation is not as good as rigid, other alter-
natives must be found so that PSCs technology can fully reach its potential.



1.4.3 Widening the Perovskite Bandgap with Br incorporation

As aforementioned, by substituting the halide element in perovskite, one can change its properties, such as
bandgap energy. Besides those, the substitution enhances PSCs’ stability, increasing their lifetime. When sub-
stituting iodine for bromine in MAPbXs (X=I, Br), besides the increase on Eg, there is also a natural increase
in stability given the fact the halide ion migration is supressed, consequently inhibiting MA* migration.[37]
Even when mixing these halides in MAPb(11xBrx)s perovskites, XRD data shows that with iodide the degra-
dation rate is much higher than that of perovskites with bromide, where over time, when exposed to light and
air, peaks related to Pbl, become more relevant.[9], [38] Therefore, the stability of PSCs can be enhanced by
using wider-bandgap perovskites materials.

1.4.4 Quantum Dots Inclusion

Another solution to solve the stability problem of perovskite materials is by incorporating colloidal quantum
dots (QDs), in small concentrations, in our solar cells. Lead sulphide (PbS) QDs, just like perovskites, show
great properties, such as high absorption coefficient, and high air stability, which make them an interesting
subject to study.[39] They can not only be used to fabricate solar cells where they act as the absorber layer,
but also as a passivation layer when in the perovskite matrix or as a layer between the perovskite and ETL and
HTL, which enhances the PSCs’ stability.[40]-[42] When incorporated in the interfaces as a passivation layer,
it helps reducing the photocatalytic effect of the metallic oxide material’s degradation, and prevents moisture
induced degradation.[43], [44]

In-matrix PbS-QDs serve as seeding sites that promote perovskite crystal formation as seen in Figure 2,
resulting in significant improvements in morphology in terms of grain size, surface coverage, and uni-
formity.[39], [45] Moreover, because of the strong interactions with the perovskite’s halide material, ion mi-
gration is highly inhibited, which prevents perovskite degradation, as its incorporation leads to a reduction in
Pb2* dangling bonds, since the sulphide present on PbS bonds to Pb atoms in perovskite crystal. Ultimately,
all these factors result in better overall performances of PSCs, but most importantly an increase in stability.

(a) Pristine perovskite growth

Figure 2. Proposed nucleation and growth routes of perovskite crystal thin films without(a) and with (b) MAI-capped PbS nanoparti-
cles.[45]

Additionally, QDs are also extremely attractive to fabricate intermediate band solar cells (IBSCs).[12], [46],
[47]

1.5 Air Processed Perovskites

Apart from efficiency and stability, which have been the main the focus when studying PSCs in the last decade,
something that is also fundamental to consider is its manufacturing process, in particular when considering its
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commercialisation. Being able to fabricate PSCs, or any solar cell, without the need to rely on complex and
expensive systems, and that do not involve high temperatures or vacuum systems, is of extreme importance.
Because of this, air-processing is crucial. However, is more complex and challenging than conventional glove-
box (GB) processing, since ambient conditions, especially RH and ambient temperature, are not well-con-
trolled.[48] This humidity variation during the deposition of perovskite leads to a nonuniform surface and the
formation of pinholes. Moreover, the volume and especially the timing of the antisolvent dropping, highly
affects the film’s quality, making it more difficult to reproduce.[49] To overcome this issue, Chao et al. man-
aged to fabricate devices in ambient air with high RH (>80 %) via one-step deposition method without the
need of an antisolvent.[50] By substituting the commonly used solvents, dimethylformamide (DMF) and di-
methyl sulfoxide (DMSO), for methylammonium acetate (MAAC), it was possible to fabricate antisolvent-free
perovskites with good quality, and corresponding devices achieving a maximum PCE 20.05 %. Furthermore,
the deposition of wide-bandgap PSCs in ambient air has also been reported, with cells keeping 80 % of their
initial PCE value after 3500 h.[51]

Additionally, in order to commercialise PSCs, it is necessary to produce such devices in large areas, and
this is not possible by spin-coating. Slot-die coating is one the most studied techniques for this matter and
considered really promising given the fact that can be integrated into a roll-to-roll system.[52]

1.5.1 One-Step Deposition Method

When it comes to depositing perovskite films, it can be done following a one-step, or a two-step deposition
method. Following the one-step deposition method, both organic and inorganic precursors are mixed in one
solution that it is deposited to synthetise the perovskite film. This process requires dispensing of an antisolvent,
which is crucial to the perovskite crystallisation process. It helps forming a uniform pin-hole free perovskite
film. However, the volume and the time when the antisolvent is dispensed are two major parameters that must
be controlled according to the lab’s temperature and humidity. To eliminate this dependency, an antisolvent-
free one-step deposition has been studied, producing high-quality films without the need for an antisolvent
washing process.[53] Overall, the one-step deposition approach is the most used given its simplicity and the
fact that is less time consuming, but, as just mentioned, its high dependence on the antisolvent reducing its
reproducibility is a drawback of this method.

1.5.2 Two-step Deposition Method

On the other hand, the two-step deposition method does not require the antisolvent washing step. For this
method, two solutions are used, one containing the inorganic precursor and the other containing the inorganic
precursor, PbBr, and MABT respectively, taking MAPbBTr; as an example. To synthetise perovskite films by
two-step deposition method, first the inorganic precursor is deposited, followed by the organic precursor. The
fact that antisolvent is not used greatly helps the process’ reproducibility, even though it is more time consum-
ing when compared to the one-step method. Nonetheless, this approach also presents its disadvantages. Due
to the fact that PbBr, is firstly deposited, MABTr that is deposited afterwards has some difficulty diffusing
through it, resulting in an incomplete reaction of the precursors.[54] Therefore, PbBr; residues are visible by
SEM and XRD analysis, which, consequently, negatively affect the perovskite film and PSCs performance.
All in all, the two-step approach is much less studied, which makes this method not as optimised as the one-
step method.






MATERIALS AND METHODS

2.1 Device Preparation

To fabricate devices, ITO coated glasses (15 Q/sq, Xin Yan Technology LTD) are used as the substrate with
dimensions of 2.5x2.5 cm?. Afterwards, they are cleaned according to the procedure in appendix section Al.
After the procedure, they are dried with compressed air (N.), and taped with Kapton tape before being submit-
ted to an ultraviolet/ozone treatment (UV/O) for 15 min.

2.2 ETL Deposition processes

2.2.1 SnO:Deposition

To deposit the SnO,, 5 droplets of an undiluted SnO; solution (Tin(IV) oxide 15% in water, colloidal disper-
sion, Fisher Scientific) filtered by a 0.22 um filter are spin-coated at 3000 rpm (2000 rpm/s acceleration) for
30 s (Laurell WS-400-6NPP-LITE). The films are then placed on a hotplate at 120 °C for 10 min and annealed
for 30 min on a desiccator at 170 °C under vacuum.

2.2.2 TiO2 Deposition

2.2.2.1 Compact Layer (c-TiO,)

For the c-TiO; layer, two solutions are prepared (described in appendix section A2) and mixed. From the
resulting solution, 125 uL are spin-coated at 4000 rpm (2000 rpm/s acceleration) for 30 s. Then, the films are
placed on a hotplate for 10 min at 120 °C and annealed for 30 min at 550 °C in a furnace.

2.2.2.2 Mesoporous Layer (m- TiO,)

For the m-TiO; layer, 135 uL of m-TiO; solution (preparation described in appendix section A3) are spin-
coated at 4000 rpm (2000 rpm/s acceleration) for 12 s. The films are placed on a hotplate for 5 min at 100 °C
and annealed for 30 min at 450 °C in a furnace. The films are afterwards submitted to an UV/O treatment
before the perovskite deposition, 30 min for SnO; films, and 15 min for TiO..



2.3 Perovskite Layer Fabrication

2.3.1 One-Step Deposition Method of MAPDbBr3;

From MAPDBTr; precursor solution (preparation described in appendix section A4), 110 uL are spin-coated at
2000 rpm (2000 rpm/s acceleration) for 10 s as the first spin rate, and at 5000 rpm (3000 rpm/s acceleration)
for 20 s as the second spin rate, followed by the dispensing of 120 uL of chlorobenzene (99.8%, Extra Dry,
AcroSeal™, Thermo Scientific Chemicals, Fisher Scientific) as soon as the rotation reaches 5000 rpm (last
17.5s). The films are annealed at 120 °C for 15 min.

2.3.2 Two-Step Deposition Method of MAPDbBTr3;

Firstly, 110 uLL of PbBr; solution are spin-coated at 2000 rpm (2000 rpm/s acceleration) for 10 s as the first
spin rate, and at 5000 rpm (3000 rpm/s acceleration) for 30 s as the second spin rate. The films are annealed
at 70 °C for 5 min and let to cool down to room temperature. Afterwards, 110 uL. of MABr solution are spin-
coated at 4000 rpm (2000 rpm/s acceleration) for 20 s. The films are annealed at 100 °C for 10 min. Solution
fabrication in appendix section Ab5.

2.4 QD Addition to Perovskite Precursor Solution

After a ligand exchange procedure (appendix section A6) the QDs are dried in vacuum for 30 min and are
dispersed in the perovskite solution.

2.5 HTL Deposition

Right after the perovskite layer cools downs to room temperature, Spiro-MeOTAD (preparation described in
appendix section A7) is spin-coated at 2000 rpm for 30 s.

2.6 Back Contact deposition

To complete the cell, gold is deposited by electron beam (e-beam) vapor deposition over a mask with
2 x 5 mm? opening. All depositions, besides the gold evaporation, were done outside of the GB.

2.7 Characterisation Methods

The techniques used to characterise the fabricated films and devices are described in appendix section B.



RESULTS AND DISCUSSION

Wide-bandgap perovskite materials can be applied in many fields, and not only for solar harvesting applica-
tions. For instance there is now great interest in tandem solar cells (e.g. perovskite-on-silicon), CO- reduction
devices, or intermediate band solar cells (IBSC) [10]-[12], as well as to building applications [14], as men-
tioned in the Introduction section 1.2. Given also their potential to enhance the stability of PSCs, as referred
in the Introduction section 1.4.3, here we studied a wide-bandgap (2.30 eV) material, MAPbBr3.[37] In the
first part of this work MAPbBr; films and devices were developed in ambient air. To further improve PSCs
stability, when then explored the incorporation of QDs into the perovskite matrix, as sketched in Figure 2,
when inserted at the right concentration the QDs can act as distributed nucleation sites assisting the crystalli-
sation of the perovskite film. Besides, due to their strong interaction with the perovskite lattice, ion migration
is further reduced, and there is also a decrease in the dangling bonds density in the perovskite, as stated in
Introduction section 1.4.4.[39] Therefore, after the development of good films and solar cells in ambient air,
the stability of MAPbBr; devices with and without QDs was assessed.

3.1 Development of Wide-Bandgap Perovskite Solar Cells

The deposition procedure of low-bandgap perovskites is already optimised given the extensive research in the
last decade, with fabricated cells matching the record efficiency of silicon base devices, as stated in the Intro-
duction section 1.1. On the other hand, far less researched, wide-bandgap perovskites’ deposition procedure is
far from optimised, especially in ambient air [51]. Thus, in this work, we started by studying the ambient air-
deposition of the perovskite layer via two different approaches, one-step and two-step, whilst varying some
parameters, such as the concentration of precursor solutions and the solution solvent ratio, in order to fabricate
devices with the best quality possible. Later an additive was tested since, according to literature [55], it im-
proves the perovskite structural and optical properties.

3.1.1 One-Step Deposition Method

3.1.1.1 Concentration Study

Before studying the perovskite stability and the influence of the introduction of QDs in the perovskite matrix,
it was essential to develop good quality MAPDBr3 films. For the one-step deposition method, three different
concentrations were tested: 0.6 M, 0.8 M, and 1.0 M. As for the antisolvent, chlorobenzene was chosen.

In order to study the films’ morphology, the three concentrations were deposited on ITO coated glass.
Analysing the SEM images of MAPDBT; films for the first time was challenging, due to the fact that the films
would crack instantly by the electron beam at the grain boundaries and overtime these would grow to a size
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where it would be impossible to analyse them. To solve this issue, it is suggested that decreasing the voltage
and the current of the incident electron beam helps reducing this effect.[56] After decreasing the incident
beam’s voltage cracking would still occur, but at a slower rate, making the analysis possible. Looking at the
SEM images in Figure 3, the cracking effect is visible, especially on the 0.8 M film. Even though all three
films show good surface coverage, pinholes are visible on 0.6 M and 0.8 M films. The 1.0 M film clearly
distinguishes itself from the other two concentrations, as it is much more compact and uniform. Also, as the
precursor solution concentration increases, the grain size and its distribution also increase, averaging
359.87 + 93.04 nm, 408.56 + 99.25 nm, and 627.13 £ 224.97 nm for 0.6 M, 0.8 M, and 1.0 M, respectively.

Figure 3. SEM images and grain size distribution of one-step MAPbBTrz films prepared with 0.6 M (a), 0.8 M (b), and 1.0 M (c) precursor
solutions, respectively.

For the XRD analysis, films were deposited on glass, and the obtained XRD data confirms the formation
of MAPDBr3, as the main diffraction peaks can be seen at 14.90°, 30.09°, and at 45.86° in Figure 4 which
correspond to (100), (200), and (300) planes of the MAPbBr3’s cubic structure, respectively, and indicate the
growth preference in the (100) direction.[57] It can be seen that the crystallinity degree follows a increasing
trend with the increase in concentration, as the diffraction intensity is higher for higher precursor solution
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Figure 4. XRD (a) PL spectra (b) and absorbance spectra (c) of one-step MAPDbBrs films prepared 0.6 M, 0.8 M, and

1.0 M precursor solutions.
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concentrations. Therefore the 1.0 M precursor solution produced the most crystalline films, and 0.6 M the least
crystalline.

Not only 1.0 M films show more intense peaks in the XRD analysis, but they also do in PL, as seen in
Figure 4. As the precursor solution concentration increases, the emission peak intensity increases and, possibly,
the full width at half maximum (FWHM) gets smaller, which indicates the formation of films with lower trap
density. Since 0.6 M film has the lowest peak intensity, it has more defects leading to recombination of the
generated charges though defect levels. On the other hand, as 1.0 M film peak is more intense, the recombina-
tion is more radiative. But 1.0 M precursor solutions do not necessarily yield perovskite films of higher quality,
as the films thickness increases with the concentration of the precursor solution (0.6 M, 0.8 M, and 1.0 M films
are 313.00 + 18.81 nm, 365.67 + 25.03 nm, and 416.00 + 2.65 nm thick, respectively). Thicker films are ex-
pected to exhibit more intense emission peaks.

When analysing the UV-Vis spectrum presented in Figure 4, thickness has also to be considered since
it influences the absorbance of the films. Since for the synthesis conditions 1.0 M films are thicker, which
leads to greater absorbance, they are more suitable to fabricate devices. However, similarly to the PL analysis,
it cannot be directly said that 1.0 M films are optically better than 0.8 M and 0.6 M films when it comes to
absorption. MAPDBT; films start to absorb incident light at 539.5 nm, which corresponds to a bandgap energy
of 2.30 eV, according to Tauc plots presented in the appendix section C Figure 22, matching the bandgap
energy value in literature.[57] The absorbance spectra of the films, presented in Figure 4, confirms that MAP-
bBr; has a direct bandgap, since it rises sharply with wavelength decrease, meaning that in order to absorb a
photon no assist from lattice vibration is required, contrary to silicon, that since it has an indirect bandgap, a
phonon is necessary for the charge carrier generation.

3.1.1.2 Perovskite Precursor Solution Solvent Ratio Study

In addition to concentration, solvent ratio (DMF/DMSO v:v) was studied as well. As mentioned in the Intro-
duction section 1.5, DMF and DMSO are the most used solvents, and are mixed together in various ratios,
being 7:3 and 9:1 frequently used.[3]-[5] Therefore, in order to find the best solvent ratio to be used in our
experiments, three different ratios were investigated: DMF/DMSO 1.0, DMF/DMSO 9:1, and
DMF/DMSO 7:3. In this study, the films were deposited at 25.5 °C, which is considerably a high temperature
for optimal perovskite deposition, making the synthesis more challenging.

From the UV-Vis analysis, in Figure 5 it is clear to see that DMF/DMSO 7:3 film shows higher absorb-
ance than the other two ratios, which have similar absorbance peak intensity. This is explained by their thick-
nesses because, as DMSO volume increases the thickness also rises. Films synthesised with solely DMF are
on average 353.00£7.87nm thick, and films synthesised with DMF/DMSO 9:1 are on average
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Figure 5. Absorbance spectra (a) and J-V curves (b) of MAPbBTr3 films and devices synthesised via one-step using DMF/DMSO 1.0,
DMF/DMSO 9:1 and DMF/DMSO 7:3 ratios for the precursor solutions.
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358.00 + 14.02 nm thick. Given that their thicknesses are similar, they have comparable absorbance. Only for
wavelengths shorter than 400 nm DMF/DMSO 1:0 films present higher absorbance. However, in a solar cell,
higher energetic wavelengths are absorbed by the ETL, therefore, the greater absorbance of DMF/DMSO 1:0
in such part of the spectrum is not relevant. Regarding DMF/DMSO 7:3 films, they are on average
418.50 + 34.64 nm thick, much thicker than the other films, which leads to higher absorbance. Additionally,
no change on the bandgap is visible with addition of DMSO to DMF as seen in appendix section C Figure 23.

Moreover, to assess the PV performance, solar cells were fabricated with the three different ratios, with
structure as follows: ITO/c-TiO2/m-TiO2/MAPbBr; (1.0 M)/Spiro-MeOTAD/Au. The J-V plots of the cells
with higher PCE of mentioned PSCs are presented in Figure 5, and the PV parameters are displayed in Table
1. Cells fabricated with solely DMF have the lowest PCE of 2.09 % (Voc =0.88 V, Jsc = 3.28 mA/cm?,
FF = 72.23 %), followed by DMF/DMSO 9:1 with 2.12 % (Voc = 1.12 V, Jsc = 3.24 mA/cm?, FF = 58.66 %)
and finally DMF/DMSO 7:3 with 2.42 % (Voc = 1.13 V, Jsc = 4.05 mA/cm?, FF = 53.17 %). In the box charts
presented in Figure 6, cells fabricated with only DMF average really low values for Voc. It is relevant to point
it out when working with wide-bandgap solar cells, as they are characterised by outputting high Voc’s, being
1.653 V, the record Voc obtained with MAPbBr; as the absorber material.[4] It did not happen when solvents
were mixed as cells achieve Voc values as high as 1.21V and 1.26 V for DMF/DMSO 9:1 and
DMF/DMSO 7:3, respectively, despite these two values still being far from the theoretical maximum of
1.963 V (for Eg = 2.30 eV).[6] However, using only DMF as solvent does not justify such low Voc values. As
mentioned before, the temperature was over 25 °C, and it was noticed that as ambient air temperature increased
the depositions became more inconsistent. This led to the formation of bad hazy MAPbBr3 films, which is
totally undesirable. This can be seen in the box charts in Figure 6 as DMF and DMF/DMSO 7:3 devices’
parameters have high deviations. For these reasons, DMF/DMSO 9:1 was chosen as the solvent mix to be
used, since, from all the solvents ratios, the devices fabricated with such ratio have the lowest deviation, al-
lowing for better reproducibility in ambient air, despite DMF/DMSO 7:3 films having higher absorbance and
producing the most efficient device.
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Figure 6. Box charts of the photovoltaic parameters obtained at reverse scan of MAPbBr3 devices fabricated via one-step with differ-
ent solvent ratios.
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Table 1. Photovoltaic parameters of solar cells fabricated via one-step with different solvent ratios.

Solvent Voc (V) Jsc (mA/cmZ) FF (%) PCE (%)
DMF 0.88 3.28 72.23 2.09
DMF/DMSO 9:1 112 3.24 58.66 2.12
DMF/DMSO 7:3 1.13 4.05 53.17 2.42

To summarise, for the one-step deposition approach, given the better results obtained, MAPbBr; pre-
cursor solutions are prepared with a 1.0 M concentration in DMF/DMSO 9:1.

3.1.2 Two-Step Deposition Method

3.1.2.1 Precursors Solutions’ Concentration Study

Regarding the two-step deposition method, the same precursor solution concentrations were tested. Since the
films are deposited via two-step method, there is no need to use an antisolvent.

Concerning the films” morphology, the three concentrations were deposited on ITO coated glass. Con-
trary to the one-step method, the two-step deposition approach synthesised MAPbBr; nanocubes as seen in
Figure 7. Additionally, two-step films show poor surface coverage and, interestingly, it gets worse as the con-
centration gets higher, opposite to the one-step method. One possible reason to why this happens, is that higher
precursor solution concentrations form an initial more compact layer of PbBr,, and when MABET is dispensed,
it is harder for it to diffuse into the initial PbBr, layer. For smaller concentrations, on the other hand, MABr
can penetrate more easily and synthesise higher quality perovskite films.[54] Therefore, 0.6 M had better over-
all morphology, followed by 0.8 M and by 1.0 M. Grain size measurements also reinforce this idea, since the
0.6 M solution synthesised bigger cubes (270.73 + 127.12 nm) with bigger size distribution than the other two
concentrations (170.91 + 83.96 nm for 0.8 M, and 163.86 + 52.24 nm for 1.0 M). Moreover, big sized resi-
dues, which correspond to unreacted PbBr, confirmed by EDX analysis (appendix section C Figure 24), are
visible and get more notorious as the precursor solution concentration increases.

Figure 7. SEM images and grain size distribution of two-step MAPDbBrs films prepared 0.6 M (a), 0.8 M (b), and 1.0 M (c) precursor
solutions, respectively.

XRD analysis was not conducted, and it would help to identify PbBr. diffraction peaks. If conducted,
the main diffraction peak would be visible at around 12.2°.[58], [59]

From PL analysis seen in Figure 8, 0.6 M film achieved the best optical results, as it shows a more
intense emission peak when compared to 0.8 M, and 1.0 M, which show similar intensities. This confirms the
better quality of films fabricated with lower concentrated precursor solutions via two-step deposition method,
as seen in the SEM images. Therefore, as the precursor concentration increases, the trap density also increases,
resulting in less radiative recombination since the charges start to recombine through defect levels. However,
the greater intensity can also be explained by the thickness of the films just like in the one-step deposition
method study, as 0.6 M, 0.8 M, and 1.0M films are 358.50 +29.66 nm, 310.00 £ 17.68 nm, and
309.50 £ 15.10 nm thick, respectively. The similar emission peak intensity between 0.8 M and 1.0 M films is
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possibly due to saturated PbBr, solutions, since, after stirring overnight, there was still undissolved powder
sitting on the bottom of the vials, meaning that 0.8 M and 1.0 M solutions had more or less the same concen-
tration leading to close films’ properties. This closeness can also be noticed when comparing the average grain
size of the films in Figure 7. Although 1.0 M produced overall smaller grains, their size is close to 0.8 M’s
grains. Comparing with 0.6 M, a big gap between sizes is very noticeable. This issue happens because PbBr
does not dissolve well in DMF, and can be solved by adding small concentrations of MABTr to the inorganic
precursor solution. [60]

The absorbance spectra presented in Figure 8 show again that 0.6 M precursor solution, produced higher
quality films, having better optical properties. Although in the PL graph, 0.8 M and 1.0 M had similar results,
when it comes to the absorbance analysis, 0.8 M performed slightly better, which in a way can be explained
by the SEM images, since as the concentration of the precursor solution increases, the film quality decreases.
Not only this, but the films are not fully homogeneous and, thus, the placement of the films in a slightly
different position on the equipment leads to the analysis of areas of the films with slightly different quality.
All the films have a bandgap energy of 2.30 eV as seen in appendix section C Figure 25, and even though the
quality of the films is not the best, the formation of MAPbBr; was successful on all of them.
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Figure 8. PL spectra (a) and absorbance spectra (b) of two-step MAPDbBrs films prepared with 0.6 M, 0.8 M, and 1.0 M precursor
solutions.

3.1.2.2 Ratio Study of Organic and Inorganic Components

Given that the concentrations investigated did not yield quality films due to low surface coverage and the fact
that precursor residues were present on the films, a ratio analysis was conducted.

When it comes to the two-step deposition method, 1:1 ratio between precursors (PbBr.:MABF) is not
used in many research reports. It is common to use a ratio close to 1:0.27 instead of 1:1, although other ratios
are also used. For instance, for 1 M of PbBr», concentrations of MABr ranging from 5 mg/mL up to 75 mg/mL
(0.04 M up to 0.67 M) have been investigated.[61] For this reason, in this thesis, 1:0.27 ratio was studied in
addition to 1:1 ratio. The concentration of PbBr, was defined as 1.0 M and MABr as 0.27 M (30 mg/mL).

The SEM image in Figure 9 show the formation of nanocubes, which were also synthesised via two-
step using 1:0.27 ratio. For the lower concentration of the organic component, a big improvement on surface
coverage is achieved when compared with 1:1 ratio. Additionally, there are no visible PbBr; residues, meaning
that the reduction of MABr concentration compared to that of PbBr; helps the formation of MAPDBr; films.
Thus, although, some pinholes are visible, an improvement in morphology was achieved by changing the ratio
between precursors. This may happen because with high concentration of MABr, more MAPDBr; is crystal-
lised in an initial phase obstructing the diffusion of MABTr leading to uncomplete reaction of PbBr.. But when
MABT concentration decreases in relation to that of PbBr,, less MAPDBTr; crystallises at the top of the initial
PbBr; layer and MABT can diffuse more easily.
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The XRD analysis in Figure 9 shows that the formation of MAPbBr3 was successful. However, when
comparing with the one-step XRD results, many more diffractions peaks are visible. In addition to (100), (200),
and (300) planes, (110), (210), (211) and (220) located at 21.09°, 33.70°, 37.04°, and 43.05°, respectively, are
also spotted. [62] Although the film still grows preferably in the (100), the appearance of more phases suggests
that it is more polycrystalline than the films synthesised via one-step. Nevertheless, no peaks related to PbBr»
were detected, which is a good indicator that a better-quality film was synthesised. However, compared to the
one-step films, the intensity of the diffraction peaks is much lower, given its polycrystallinity as seen in ap-
pendix section C Figure 26.

Additionally, the optical properties of films synthesised with different ratios were compared. Looking
at the UV-Vis spectra in Figure 9, the difference between films is clear. Films synthesised with a 1:0.27 ratio
are of higher quality and more suitable for solar harvesting applications has they absorb more of the incoming
light.
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Figure 9. SEM (a) and XRD (b) of two-step 1:0.27 MAPbBr; films; absorbance spectra of two-step MAPbBr3 films fabricated with
1:0.27 (red) and with 1:1 (black) ratios precursor solutions (c).

3.1.3 One-Step vs Two-Step PV Performance

In order to assess and compare devices’ PV performance, solar cells were fabricated via one-step and two-step
deposition methods. To deposit the perovskite layer, for the one-step method a 1.0 M precursor solution
(DMF/DMSO 9:1) was used, and for the two-step approach, 1:0.27 ratio was used (1.0 M and 0.27 M for
PbBr, and MABEr, respectively). The devices’ structure was as follows: ITO/SnO2/MAPbBrs/Spiro-Me-
OTAD/Au as seen in Figure 10. The J-V plots of fabricated solar cells are presented in Figure 11, and the PV
parameters in Table 2. The box charts of the PV parameters displayed in appendix section D Figure 30, show
that, on average, one-step devices achieved higher PCE than two-step devices, even though two-step films
have higher Voc value. The maximum achieved PCE by one-step devices was 2.23% (Voc =121V,

15



Figure 10. SEM images showing a cross-section of an ITO/SnO2/MAPbBr3/Spiro-MeOTAD/Au solar cell.

Jsc = 3.05 mA/cm?, FF = 60.55 %), whereas the maximum achieved PCE by two-step devices was 1.57 %
(Voc = 1.21V, Jsc = 3.05 mA/cm?, FF = 60.55 %). This discrepancy can be explained by the major difference
in Jsc, which is clarified by the films’ absorbance spectrum seen in Figure 11. Two-step films when compared
with on-step ones, show lower absorbance, which, therefore, translates to lower photocurrent.

Table 2. Photovoltaic parameters of solar cells fabricated via one-step (1.0 M) and two-step (1:0.27) measured after fabrication.

Deposition Method Voc (V) Jsc (MA/cm?) FF (%) PCE (%)
One-step 121 3.05 60.55 2.23
Two-step 1.33 1.88 62.52 1.57
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Figure 11. J-V curves of MAPbBrs devices synthesised via one-step (1.0 M) and two-step (1:0.27) measured after fabrication (a)
and after 360 h; Absorbance spectra of MAPbBrs films deposited via one-step (1.0 M) and two-step (1:0.27) (c)
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From the first measurements, one-step devices performed better than two-step ones. But, apart from the
initial PV performance, the stability assessment of the devices was also performed. After 360 h, the PV per-
formance of the best devices was measured once again. The new J-V plots and parameters are presented in
Figure 11 and Table 3, respectively. It is seen that after 360 h, regardless of the deposition method both devices
degrade, as their PCE drops. However, the degradation is much more significant for the two-step device, as its
PCE dropped from 1.57 % to 0.76 %, corresponding to 51.6 % loss. Its J-V curve lost it initial shape, and led
to a massive drop in FF, because of the rise on the series resistance. On the other hand, after 360 h, the one-
step device maintained 93.27 % of its initial PCE value.

Therefore, based on these results, for the optimised conditions, one-step deposition method results in
higher quality films when compared to the two-step approach, which allow the fabrication of more efficient
and stable devices. For these reasons, one-step deposition approach is solely used for the rest of this work.

Table 3. Photovoltaic parameters of MAPbBr3 solar cells fabricated via one-step (1.0 M) and two-step (1:0.27) measured 360 h after
fabrication.

Absorber layer Voc (V) Jsc (MA/cm2) FF (%) PCE (%) PCE loss (%)
One-step 1.21 3.10 55.58 2.08 6.73
Two-step 1.24 1.57 38.80 0.76 51.6

3.1.4 Additive Test in Perovskite Precursor Solution

The synthesised MAPDBr3 films with higher quality were prepared with 1.0 M precursor solution via one-step
deposition method. Nevertheless, the PV parameters were still low, especially Jsc. For this reason, to enhance
the perovskite absorber layer properties, and thus cell performance, one additive represented in literature [55]
was investigated in this thesis. It is a type of an organic compound, 4-tert-butylpyridine (pyridine), mostly
applied to the well-known HTL Spiro-MeOTAD. The addition of pyridine to the perovskite layer can lead to
an increase in Voc and potentially in Jsc, since pyridine helps to suppress the crystallographic defects originated
from dangling bonds. It also enhances the overall film’s quality, controlling the nucleation process by retarding
the growth of the perovskite, which will lead to fewer lattice defects. Hence, improving the overall quality of
the active layer and, consequently, improving the device’s performance. In this section, pyridine is used as an
additive in a concentration of 5 % of the solvent volume of the perovskite solution (corresponding to 0.34 M).
Regarding the films’ morphology, Figure 12 displays the SEM images of the synthesised films. When
pyridine is not added, the synthetised films have the same morphology as the films deposited on the One-Step
Deposition section 3.1.1, showing a compact film with good surface coverage, although some pinholes and
some small cracks are visible, due to the incident electron beam. But when pyridine is added, the film’s surface
has more pinholes, which are harmful for the solar cells in various ways. By reducing the effective area of the
absorber layer less light is absorbed and, consequently reducing the photogenerated current. In addition, pin-
holes may create paths for the current to bypass the active area, leading to a decrease in shunt resistance,
decreasing the current density. Nevertheless, despite the pinholes, pyridine appears to have a positive influence
on the film’s morphology, since the film’s surface is more uniform when compared with pristine films.
Looking at the PL spectra in Figure 12 and comparing pristine films with films where pyridine was
added, the latter ones present an increase on the emission intensity and a reduction of FWHM. Thus, the addi-
tive enhanced the emission properties of MAPbBr3, as expected, due to the fact that its incorporation sup-
presses the crystallographic defects and decreases the trap density. With less defects in its lattice, charges
recombine less through defects and more radiatively, hence the emission intensity increase. Therefore, alt-
hough films in which pyridine was added were not overall morphologically better, the incorporation of pyridine
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helps improving perovskite structure, by reducing the density of trap defects. Moreover, as the films have
similar thicknesses (422.5 + 19.75 nm and 425 £ 21.01 nm for pristine and films prepared with pyridine, re-
spectively), pyridine addition improved the structural quality of MAPbBTs.
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Figure 12. SEM images of a MAPbBr3 pristine film (a) and a film fabricated with pyridine addition (b); PL (c) and absorbance spectra
(d) of pristine films (black) and films fabricated with pyridine addition (red).

Concerning the absorbance spectrum displayed in Figure 12, it shows that films fabricated with the
addition of pyridine have slightly stronger absorption between 521.5 nm, its absorption peak, and 347.5 nm of
incoming light than pristine films. Although at around 500 nm there is a decrease in the irradiance from the
sun, it is extremely important that the perovskite absorbs as much as possible from the solar spectrum, espe-
cially considering wide-bandgap solar cells. The addition of pyridine did not change the films’ bandgap, both
having a bandgap energy of 2.30 eV, as seen in appendix C Figure 27.

The PV performance of devices fabricated with both precursor solutions was also assessed, having the
following structure: ITO/SnO2/MAPDBTr3 (pyridine)/Spiro-MeOTAD/Au. According to the presented results
and the literature, pyridine addition enhances the overall properties of MAPbBr3 films, by improving its struc-
tural properties and reducing defects, so it would be expected that devices fabricated with pyridine would
perform better than pristine ones. However, this did not happen, as the J-V plots presented in Figure 13, and
the PV parameters in Table 4 show that the best pristine device achieved a PCE of 2.24 % (Voc =0.89 V,
Jsc = 3.90 mA/cm?, FF = 64.41 %), whereas the best device fabricated with pyridine achieved a PCE of only
1.57 % (Voc = 0.93 V, Jsc = 2.63 mA/cm?, FF = 63.94 %). Moreover, pristine devices achieved, on average,
higher values for the PV parameters as seen in the box charts presented in appendix section D Figure 31. In
addition, regardless of the pyridine concentration, the Voc was low for all the devices, meaning that the syn-
thesised MAPbBr; on SnO, was not good. The presence of pinholes can explain the lower Jsc, however their
presence would also lead to lower shunt resistance decreasing the FF, which it is not the case. Air-processing
of solar cells can explain the poor quality of the devices given the sensitivity of perovskite to ambient air.
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Table 4. Photovoltaic parameters of pristine devices and devices fabricated with pyridine fabricated in ambient air.

Absorber layer Voc (V) Jsc (MA/cm?) FF (%) PCE (%)
MAPbBTr3 0.89 3.90 64.41 2.24
MAPDBTr3 with pyridine 0.93 2.63 63.94 1.57
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Figure 13. J-V curves of MAPbBIs pristine devices and devices fabricated with pyridine.

As the results were not satisfactory, the experiment was repeated, but results were very similar, as the
devices fabricated with pyridine continued to underperform when compared with pristine devices. In addition,
for both pristine and pyridine devices, Voc continued to be low.

So, it was decided to fabricate the devices again, but this time the perovskite layer was deposited inside
a GB where oxygen and humidity levels are well controlled by inert gas flow (N2). The PV parameters of the
best devices are presented in Table 5. This time it is clear to see the effect of the addition of pyridine in
MAPDBI; films. On this batch, contrary to the previous, the positive effect of pyridine is confirmed, as pristine
devices achieved a maximum PEC of 3.11 % (Voc = 1.36 V, Jsc = 3.59 mA/cm?, FF = 63.42 %), and devices
fabricated with pyridine achieved a maximum PCE of 4.32% (Voc=1.33V, Js =4.26 mA/lcm?,
FF = 76.43 %). By adding pyridine to MAPDBTrs3, it was possible to increase all the parameters, without excep-
tion. The box charts, displayed in section D Figure 32, show that the PCE efficiency in pyridine devices is
higher. The controlled environment allowed the formation of higher quality MAPbBTr; reducing the trap density
and increasing Voc and Jsc.

Table 5. Photovoltaic parameters of MAPDBrs pristine devices and devices fabricated with pyridine fabricated inside of a GB.

Active layer Voc (V) Jsc (MA/cm,) FF (%) PCE (%)
MAPDBTr3 1.37 3.59 63.42 3.12
MAPDBTr3 with pyridine 1.36 4.13 78.49 4.40

All in all, it was confirmed that pyridine is a compatible compound to be used as an additive as it en-
hances the perovskite performance and properties. The poorer surface coverage can possibly be explained by
the fact that cells were air processed, since when they were deposited inside of the GB, cells with pyridine
performed better than pristine devices. It was shown once again that the precise control of ambient conditions
is extremely important when fabricating such sensitive materials.

3.2 QDs in Perovskite Matrix

After the development of the first MAPbBT3; solar cells, devices fabricated via one-step with a 1.0 M precursor
solution yielded the most efficient and stable cells, when compared with the two-step approach. Pyridine
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addition in ambient air did not yield the expected enhancement of the devices, despite achieving good results
when fabricated in controlled atmospheric conditions. After these steps, the stability of 1.0 M MAPDbBr; films
and devices fabricated via one -step was investigated.

In order to further enhance the stability of PSCs, PbS QDs can be added in small concentrations to the
perovskite matrix, ranging from 0.2 mg/mL up to 5.0 mg/mL, as mentioned in the Introduction sec-
tion 1.4.4.[44], [63] However, some recent literature has been exploring MAPbBr; and PbS-QDs concerning
the development of IBSCs, which requires higher concentration of QDs, and, to our knowledge, there are no
studies regarding its long-term stability enhancement. As such, the following sub-sections analyse the inclu-
sion of QDs with different ranges of concentration in the perovskite host, in order to assess the long-term
stability of devices both in vacuum and in ambient air conditions.

3.2.1 Low QDs Concentration

To study the influence of PbS-QDs in the perovskite matrix, 0.05 mg/mL of QDs were added into MAP-
bBr; precursor solution. Previous works [41], [46], [47] have shown that the QDs inclusion can aid the perov-
skite film nucleation, as they act as nucleation sites that promote the perovskite growth, thus improving the
films’ morphology regarding grain size, surface coverage and uniformity. Looking at the SEM images in Fig-
ure 14, the addition of low concentration of QDs did not improve surface coverage, since in pristine films it
was already excellent. On the other hand, its addition, even though in really small concentration, was enough
to slightly increase the grain size from 217.64 + 58.18 nm to 235.33 + 86.00 nm. To further assess the impact
on morphology, atomic force microscopy (AFM) could be used to measure roughness and evaluate the films’
uniformity. It is relevant to mention how much smaller the grains are and how much thinner
(379.00 £ 30.65 nm and 374.00 = 28.27 nm for pristine and MAPbBrs/PbS QDs, respectively) the films are
when compared with the 1.0 M films fabricated on the optimisation section (3.1.1.1Concentration Study).
Higher ambient temperatures can explain smaller grain sizes as the antisolvent evaporates faster, but it cannot
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Figure 14. SEM images of MAPbBrs pristine films (a) and films synthesised with 0.05 mg/mL PbS QDs in perovskite matrix (b);
XRD (c) and absorbance spectra (d) of films synthesised wit and without PhS QDs.

20



explain the synthesis of thinner films, as the thickness is primarily defined by the volume of the precursor
solution used.

The XRD data confirms the formation of MAPDBr3 as three main diffraction peaks can be seen at 14.96°,
30.14°, and at 45.89° in Figure 14, which correspond to (100), (200), and (300) planes of the MAPDBTr3’s cubic
structure, respectively, and indicate the growth preference in the (100) direction. The peaks intensity reveal
that pristine films have a more ordered crystalline structure. The lattice mismatch between the QDs and MAP-
bBrs, which induces defects in the perovskite matrix, can be the reason why pristine films have higher crystal-
linity. This affects the PCE leading to its decrease.[64] Moreover, no diffraction peaks related to PbS-QDs
were detected due to their small size and low concentration.

The introduction of QDs had no influence in the absorbance spectrum, so, on the first measurements at
0 h, the absorbance spectra overlap one another as seen in Figure 14. It would be expected that with the intro-
duction of PbS QDs, films and devices would become more stable. However, this was not observed. On a
second measurement, after being stored for 744 h in ambient air, even though both films show a decrease in
absorbance, it is more pronounced for films embedded with QDs. Whereas pristine films managed to keep
95 % of their initial absorbance peak intensity, films with QDs only kept 85 %. Additionally, the incorporation
of PbS-QDs did not change the bandgap energy of the films as seen in Figure 28.

To further assess the incorporation of PbS-QDs into the perovskite matrix, devices were fabricated with
the following structure: ITO/c-TiO2/m-TiO2/MAPbBr3 (PbS QDs)/Spiro-MeOTAD/Au. The J-V plot is pre-
sented in Figure 15, and the PV parameters in Table 6. As it was expected from the XRD analysis, the lower
crystallinity of the films when QDs were incorporated resulted in lower PCE, as displayed in the box charts in
appendix section D Figure 33. Pristine devices achieved a maximum PCE of 3.95% (Voc=1.28V,
Jsc = 4.12 mA/cm?, FF = 74.72 %), and devices with incorporated QDs achieved a maximum efficiency of
only 2.88 % (Voc =1.19 V, Jsc = 3.47 mA/CTT]Z, FF = 69.65 %)

Table 6. Photovoltaic parameters of MAPbBrs pristine devices and devices fabricated with the inclusion of 0.05 mg/mL PbS QDs
measured after fabrication. The percentual enhancements (gains) of each parameter due to the QDs inclusion are indicated in the bottom
row.

PbS QDs Voc (V) | Jsc (MA/cm?) | FF (%) | PCE (%) |
concentration Gain (%) Gain (%) Gain (%) Gain (%)
No QDs (pristine) 1.28 412 74.72 3.95

0.05 mg/mL 1.19|-7.03 3.47]-15.8 69.65|—6.79 2.88|-27.1
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Figure 15. J-V curves of MAPbBrs pristine devices and devices fabricated with 0.05 mg/mL PbS QDs.

Regarding the stability of the devices, the PCE of four cells, two pristine (P1 and P2), and two fabricated
with PbS QDs (Q1 and Q2), continued to be assessed, as displayed in Figure 16. For the first 576 h, the cells
were kept under vacuum (desiccator) and hidden from light. From 576 h onward, two of the devices, one
pristine (P2) and the other fabricated with PbS QDs (Q2), were kept in ambient air, but still in the dark.
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Interestingly, when analysing the parameters, all devices show an increasing trend in Voc overtime. It is
stated that long-term storage of the devices in vacuum releases the stress caused by lattice distortion.[65] This
leads to the raise in the diffraction peak intensity of perovskites suggesting the increase in grain size. Addi-
tionally, FWHM also decreases which can be explained by the increase of the perovskite crystallite size. All
these factors, lead to an improvement in the perovskite’s quality which results in Voc increasement. Moreover,
given the fact that they were kept under vacuum, possibly simulating the behaviour of encapsulated devices,
Jsc stays constant during the first 576 h. If they were kept in ambient air, moisture and oxygen would lead to
the degradation of the perovskite layer.[65] Consequently, its crystallinity would decrease causing the absorp-
tion of incident light to drop, which is exactly what happened to the synthesised films, as seen in Figure 14.
After being stored 576 h in vacuum, P1 kept the same initial PCE (3.96 %), P2 increased it by 5 % (3.03 %),
Q1 kept 94 % (2.88 %), and Q2 kept 97 % (2.43 %), as represented in Table 7.

Table 7. PCE measurements of MAPbBr3 devices fabricated with and without 0.05 mg/mL PbS QDs over a period of 1113 h. Devices
P1 and Q1 were always kept in vacuum, whereas devices P2 and Q2 after 576 h started being kept in ambient air.

QDs PCE (%) at
Cell )
Concentration Oh 576 h 744 h 912 h 1113 h
P1 No QDs (pristine) 3.95 3.96 3.83 3.52 3.19
P2 No QDs (pristine) 2.89 3.03 2.51 2.92 2.06
Q1 0.05 mg/mL 2.88 2.71 2.50 1.86 -
Q2 0.05 mg/mL 251 2.43 2.31 1.86 -
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Figure 16. Photovoltaic parameters tracking of MAPbBTr3 devices fabricated with and without 0.05 mg/mL PbS QDs for over 1113 h.
Devices P1 and Q1 were always kept in vacuum, whereas devices P2 and Q2 after 576 h started being kept in ambient air.
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As P2 and Q2 are moved outside, they are exposed to oxygen and moisture, and, since Jsc is majorly
influenced by the cells’ absorption, a drop in photocurrent was expected. This is confirmed by a decreasing
trend of PCE. Nevertheless, the decline is much sharper on cells fabricated with QDs, showing the poorer
quality of such devices. Cells that were still being kept under vacuum also show a decrease in PCE. The drop
can be explained by the fact during this time, when devices were measured, the RH was higher than usual (70-
85 % compared to normal values of 55-65 %, during such time of the year), degrading not only P2 and Q2,
but also P1 and Q1. From 912 h onward, cells fabricated with QDs fully stopped working, whereas pristine
devices managed to continue operating. On the last measurement, 1113 h after being fabricated, P1 managed
to keep 81 % (3.19 %) of its initial measured PCE and P2 retained 71 % (2.06 %), as seen in Table 7.

All in all, such low concentration of QDs is not enough to enhance the perovskite layer and improve its
stability.

3.2.2 Moderate QDs Concentration

Since a low concentration of QDs did not improve the stability of MAPbBr; solar cells, a concentration on the
other end of the spectrum, 5.00 mg/mL of PbS QDs was incorporated into the perovskite matrix.

For moderate QDs concentration, the SEM image in Figure 17 show an improvement in uniformity.
When comparing the synthesised films with pervious pristine ones, 5.00 mg/mL films are more uniform. Since
pristine films were already compact and presented good surface coverage, the addition of QDs in higher con-
centrations, just like in low concentration, did not improve those factors. Overall, increasing the concentration
of QDs in the perovskite matrix improves the film’s morphology, as it is more uniform.
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Figure 17. SEM image of a MAPbBr3 film synthesised with 5.00 mg/mL PbS QDs in perovskite matrix (a); XRD (b), PL (c) and
absorbance spectra (d) of films synthesised wit and without 5.00 mg/mL PbS QDs.

The XRD data confirms the formation of MAPDbBr; as three main diffraction peaks can be seen at 14.93°,
30.10°, and at 45.86° in Figure 17, which correspond to (100), (200), and (300) planes of the MAPDBTr3’s cubic
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structure, respectively, and indicate the growth preference in the (100) direction. Contrary to the results ob-
tained on the previous section, the addition of QDs in high concentration resulted in films with higher crystal-
linity than pristine films. It may be contradictory since lattice mismatch would be more impactful as the con-
centration of QDs increases, but it was demonstrated in MAPbI; solar cells that by increasing the concentration
of QDs the crystalline properties of the films improved, which led to higher PCE.[66] In addition, no diffrac-
tion peaks related to PbS-QDs were detected. Thus, increasing the concentration of QDs improved the struc-
tural properties of the perovskite layer, however it is something that we still cannot understand.

In the PL analysis, pristine films display a more intense emission peak than films prepared with QDs,
as seen in Figure 17. The introduction of QDs, originated defects, therefore, charges will recombine through
defect levels, which explains the lower emission peak intensity.

Regarding the optical properties of the films, similarly to the incorporation of QDs in low concentration,
in an initial measurement, there is no major difference between the UV-Vis spectra of the films in Figure 17.
Additionally, adding PbS-QDs in moderate concentration did not change the bandgap energy of MAPbBTr3
films, confirmed by the Tauc plot in appendix section C Figure 29. But, contrary to the incorporation of QDs
in lower concentration, after 408 h of being stored in ambient air, films with PbS-QDs were able to keep almost
the same absorbance curve, whereas pristine films show a noticeable decrease in absorbance. Pristine films
kept 95 % of their initial absorbance and films with dots managed to maintain 99 %. This can be explained by
the fact that with the introduction of PbS QDs halide vacancies and dangling bonds where occupied. Besides
that, the Pb in PbS has a strong interaction with Br~ ions. All this together inhibits ion migration leading to an
increase in stability. As there is nothing preventing the ion migration in pristine films, their degradation rate is
much faster.

To further assess the incorporation of PbS QDs into the perovskite matrix, devices were fabricated with
the following structure: ITO/c-TiO2/m-TiO2/MAPbBr3 (PbS QDs)/Spiro-MeOTAD/Au. The J-V plot is pre-
sented in Figure 18, and the PV parameters in Table 8. In opposition to the PV results from devices with low
concentration of QDs, as expected from XRD, 5.00 mg/mL devices achieved, on average, higher PCE than
pristine ones (1.71 % and 1.78 % on average for pristine and QDs devices, respectively), as seen in box charts
in appendix section D Figure 34. Pristine devices achieved a maximum PCE of 2.24 % (Voc =0.95V,
Jsc = 3.51 mA/cm?, FF =66.91 %), and devices with the inclusion of QDs achieved a maximum PCE of
2.30 % (Voc =1.21V, Jsc = 2.88 mA/cm?, FF = 66.97 %). When comparing these results with the ones ob-
tained from devices fabricated with low concentration of QDs, cells perform on average worse. This happens
since the devices were air-processed, which makes reproducibility much harder.
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Figure 18. J-V curves of pristine MAPbBTr3 devices and devices fabricated with the inclusion of 5.00 mg/mL PbS-QDs.
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Table 8. Photovoltaic parameters of MAPbBrs pristine devices and devices fabricated with the inclusion of 5.00 mg/mL PbS QDs

measured after fabrication. The percentual enhancements (gains) of each parameter due to the QDs inclusion are indicated in the bottom
row.

PbS QDs Voc (V) | Jsc (MA/cm?) | FF (%) | PCE (%) |

concentration Gain (%) Gain (%) Gain (%) Gain (%)
No QDs (pristine) 0.95 351 66.91 2.24

5.00 mg/mL 121274 2.88|-17.9 65.97 | —1.40 2.30|2.68

Regarding the stability of the devices, the maximum power point of four devices, two pristine (P3 and
P4) and two fabricated with the inclusion of 5.00 mg/mL PbS QDs (Q3 and Q4), continued to be assessed, as
displayed in Figure 19. For the first 1968 h they were kept under vacuum (desiccator) and hidden from light.
From 1968 h onward, two of the devices, one pristine (P4) and the other fabricated with PbS QDs (Q4), were
kept in ambient air, but still in the dark.
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Figure 19. Photovoltaic parameters tracking of MAPbBr3 devices fabricated with and without 5.00 mg/mL PbS QDs for over 2496 h.
Devices P3 and Q3 were always kept in vacuum, whereas devices P4 and Q4 after 576 h started being kept in ambient air.

Table 9. PCE measurements of MAPDbBr3 devices fabricated with and without 5.00 mg/mL PbS QDs over a period of 2496 h. Devices
P3 and Q3 were always kept in vacuum, whereas devices P4 and Q4 after 1968 h started being kept in ambient air.

Cell QDs PCE (%) at

Concentration Oh 624h 1128h 1488h 1968h 2136h 2304h 2496h
P3  No QDs (pristine)  1.99 0.43 - 0.48 0.55 - - -
P4 No QDs (pristine)  1.11 - 0.68 0.61 0.83 0.70 - -
Q3 5.00 mg/mL 1.61 1.73 1.58 1.59 1.62 1.61 1.63 -
Q4 5.00 mg/mL 2.20 1.76 1.72 1.72 1.73 1.71 1.73 1.75
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During the first 624 h, the Voc of devices fabricated with QDs follows an increasing trend, which can
be explained by the age-induced recrystallisation. However, Q4 shows a decrease in Jsc which results in a
decline of its PCE. Air-processing of perovskites is a challenging procedure, and, therefore, reproducibility is
harder to achieve. This leads to PSCs with different quality, possibly explaining the dissimilar rates of degra-
dation of devices fabricated with the incorporation of QDs. Moreover, this also detected in pristine devices,
where a drop in all parameters is observed, result of an initial degradation. However, the greater degradation
is possibly due to their higher sensitivity. For the rest of the period in vacuum, no more significant changes
are observed ,with the exception of P4 that had high variations. So, after 1968 h, P3 kept only 28 % (0.55 %)
of its initial PCE, P4 kept 75 % (0.83 %), Q3 increased it by 1 % (1.62 %), and Q4 kept 79 % (1.62 %) (99 %
if considering the starting point at 624 h), as seen in Figure 19.

As soon as the devices P4 and Q4 were kept outside, at the moment when RH increased, pristine devices
started to degrade, whereas cells fabricated with QDs managed to keep its consistency. On the other hand, P3
stopped working instantly, and P4’s PCE declined with a sharp slope, eventually stopping working. The pris-
tine devices stopped working sooner than the pristine ones fabricated on the low PbS QDs concentration study,
because on this batch they had lower quality. Nevertheless, in both studies, pristine devices degrade when
exposed to harsher conditions. On the last measurement, as Q3’s contact was worn out thus, it was not possible
to get its J-V curve. Nevertheless, it is expected that its parameters would remain constant, as after 2304 h its
PCE was 1 % higher (1.63 %) than its first value as seen in Table 9, indicating excellent stability. Regarding
Q4, despite being stored in ambient air, it managed to keep its PCE the same as when it was stored in vacuum,
despite an initial drop in the first 624 h, which shows that the incorporation of QDs in the perovskite matrix
prevents the gradation of PSCs. After 2496 h, Q4’s PCE was 80 % (1.75 %) of its initial value, and 99 %
considering the starting point at 624 h.

On the whole, with higher concentrations of PbS QDs, it is possible to increase PSCs’ stability.

3.2.3 Multiple QDs concentrations

After the previous results, it was proven that the increase in concentration of QDs improves the films’ mor-
phology and structural properties, leading to higher stability. So, in order to better understand the influence of
the concentrations of QDs in the stability of devices, multiple concentrations of PbS-QDs in perovskite matrix
were tested. For this, 0.50 mg/mL, 1.00 mg/mL, 2.00 mg/mL, and 5.00 mg/mL PbS QDs were incorporated in
the perovskite matrix.

Different PbS-QDs concentrations synthesised films with different thicknesses (pristine, 0.50 mg/mL,
1.00 mg/mL, 2.00 mg/mL, and 5.00 mg/mL films have on average a thickness of 342.00 £ 22.65 nm,
327.00 £ 10.55 nm, 337.00 = 4.83 nm, 357.50 + 24.41 nm, and 371.00 + 2.94 nm, respectively), and, looking
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Figure 20. PL Absorbance spectra of synthesised MAPDbBr3 pristine films and films with the inclusion of 0.50 mg/mL,
1.00 mg/mL, 2.00 mg/mL, and 5.00 mg/mL PbhS QDs (a); J-V of fabricated MAPbBrs and MAPhBrs with PhS-QDs devices (b)
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at the UV-Vis spectra in Figure 20, thicker films absorbed more of the incoming light. When comparing the
optical stability of the films after 480 h stored in ambient air, high concentrations of QDs help retarding the
degradation, whereas low concentration does not. After this period, the absorption peak of pristine films was
85 % as intense as the initial, whereas for 0.50 mg/mL films it was only 82 %. On the other hand, as concen-
tration increases, films retained more of their initial absorbance, as 1.00 mg/mL, 2.00 mg/mL, and 5.00 mg/mL
films’ absorbance peaks were 86 %, 89 % and 90 % as intense as the initial peak.

To further assess the incorporation of PbS QDs into the perovskite matrix, devices were fabricated with
the following structure: ITO/c-TiO2/m-TiO2/MAPbBr3 (PbS QDs)/Spiro-MeOTAD/Au. The J-V plot is pre-
sented in Figure 20, the PV parameters in Table 10, and box charts in the appendix section D Figure 35.
Devices fabricated with the addition of 0.50 mg/mL QDs, achieved the highest PCE of all the devices, con-
verting 2.68 % of the incident power (Voc = 0.91 V, Jsc = 4.07 mA/cm?, FF = 72.79 %). It was followed by
1.00 mg/mL films which achieved a maximum PCE of 2.15% (Voc=0.90V, Jsc =3.41 mA/cm?,
FF =70.22 %), then by pristine devices which achieved a maximum PCE of 2.07 % (Voc=1.15V,
Jsc = 2.38 mA/cm?, FF =75.73 %), and by 2.00 mg/ml cells achieving a maximum PCE of 2.03 %
(Voc =0.90 V, Jsc = 3.74 mA/cm?, FF = 60.60 %). In last, 5.00 mg/mL devices were the least efficient with
maximum PCE of only 1.94 % (Voc = 0.86 V, Jsc = 3.37 mA/cm?, FF = 67.14 %). During the deposition of
the perovskite layers, air temperature was high (25 °C) which makes the depositions more challenging, result-
ing in cells with low Voc, as demonstrated in previous sections.

Table 10. Photovoltaic parameters of MAPDBTs pristine devices and devices fabricated with different concentrations of PbS QDs meas-
ured after fabrication.

PbS QDs Voc (V) | Jsc (MA/cm?) | FF (%) | PCE (%) |
concentration Gain (%) Gain (%) Gain (%) Gain (%)
No QDs (pristine) 1.15 2.38 75.73 2.07
0.50 mg/mL 0.91]-20.9 4.07|71.0 72.79]-3.88 2.68]29.5
1.00 mg/mL 0.90|-21.7 341|433 70.22 | -7.28 2.15]|3.86
2.00 mg/mL 0.90|-21.7 3.74157.1 60.60 | —20.0 2.03|-1.93
5.00 mg/mL 0.86|—25.2 3.37|41.6 67.14|-11.3 1.941-6.28

Regarding the stability of the devices, the maximum power point of ten devices, two pristine (P5 and
P6), two fabricated with the incorporation of 0.50 mg/mL QDs (Q5 and Q6), two fabricated with the incorpo-
ration of 1.00 mg/mL QDs (Q7 and Q8), two fabricated with the incorporation of 2.00 mg/mL QDs (Q9 and
Q10) and two fabricated with the incorporation of 5.00 mg/mL QDs (Q11 and Q12), continued to be assessed,
as seen in Figure 21. For the first 1320 h they were kept under vacuum (desiccator) and hidden from light.
From 1320 h onward, five of the devices, one pristine (P6) and four others fabricated with PbS QDs (Q6, Q8,
Q10, and Q12), were kept in ambient air, but still hidden from light.

During the first 408 h, the Voc of devices fabricated with greater concentration of QDs, 2.00 mg/mL and
5.00 mg/mL, shows an increase trend, explained by age-induced recrystallisation, leading to a PCE increase
of more than 10 %, as seen in Figure 21 and Table 11. Although cells fabricated with other concentrations
maintain or also increase their Voc during this period, a drop in Jsc, due to their poorer quality, causes their
PCE to decrease, being this effect more pronounced in pristine devices P5 and P6. For the rest of the time until
1320 h, no significant changes are seen, and devices keep their PCE values. After 1320 h, P5 kept 52 % of its
initial PCE value, P6 kept 51 %, Q5 kept 74 %, Q5 kept 99 %, Q7 kept 84 %, Q8 kept 91 %, Q9 kept 83 %,
Q10 increased it by 18 %, Q11 kept 93 %, and Q12 also increased it by 9 %. So, it is clear to see that the
incorporation of QDs, even when in vacuum, helps retarding the devices’ degradation.
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Just like in the two previous studies, when P6, Q6, Q8, Q10 and Q12 started being stored in ambient air,
the RH increased. After that point, pristine devices were majorly affected by moisture and oxygen, as both
stopped working shortly after, which, once again demonstrates how sensitive perovskite materials are. The rest
of the cells, also show a decreasing trend, but at much slower rate. Regarding 0.50 mg/mL cells, even though
they worked longer than pristine ones, it’s clear to see that they show a shaper decline than the other cells with
higher concentration of QDs, with Q6 stopping performing 168 h after continuous exposure to ambient air.
Q8, another device stored in ambient air, fabricated with 1.00 mg/mL, stopped performing at the exact same
time. From 0.50 mg/mL and 1.00 mg/mL devices, only the ones that remained in vacuum managed to keep
functioning, but still being possible to be observed a decline trend in PCE. However, for higher QDs’ concen-
tration, devices’ degradation is not as significant. Even though Q10, which started being stored in ambient air,
shows a decrease in Jsc, it has little impact in PCE as the decline trend presets a small slope. Device Q12
fabricated with 5.00 mg/mL, shows a higher degradation rate, but after 1776 h it still maintained more than
90 % of its initial PCE value. Nevertheless, it was proven when studying the incorporation of QDs in high
concentration, that 5.00 mg/mL devices are able to keep their PCE even after of being exposed to ambient air
in Figure 19. On the last measurement Q5 kept 48 % (0.98 %) of its initial PCE, Q7 kept 71 % (1.43 %), Q9
kept 71 % (1.37 %), Q10 increased it by 12 % (2.28 %), Q11 kept 89 % (1.60 %), and Q12 kept 94 % (1.69 %),
as seen in Table 11. All in all, as the concentration of QDs in the perovskite matrix increases, devices’ stability
is enhanced.

Table 11. PCE measurements of MAPbBTrz devices fabricated with and without 0.05 mg/mL PbS QDs over a period of 1776 h. Devices
P5, Q5, Q7, Q9 and Q11 were always kept in vacuum, whereas devices P6, Q6, Q8, Q10 and Q12 after 1320 h started being kept in
ambient air.

QDs PCE (%) at
Cell .
Concentration Oh 408 h 648 h 840 h 1320 h 1488 h 1776 h

P5 No QDs 2.07 ] ; 1.03 1.08 ; ;

(pristine)
P6 No QDs 1.24 0.75 0.71 0.62 0.63 0.72 ;

(pristine)
Q5  0.50 mg/mL 2.03 1.63 1.50 151 151 1.54 0.98
Q6 0.50 mg/mL 2.68 2.63 2.60 255 2.66 2.60 ;
Q7 1.00 mg/mL 2.00 1.64 1.74 ; 1.68 1.50 1.43
Q8 1.00 mg/mL 1.92 1.59 1.74 1.75 1.74 1.74 ;
Q9 2.00 mg/mL 1.93 1.70 158 1.62 1.61 1.63 1.37
Q10  2.00 mg/mL 2.03 227 2.24 237 2.39 2.36 2.28
Qll 5.0 mg/mL 1.79 1.84 1.77 1.72 1.67 1.61 1.60
Q12  5.00mg/mL 1.80 201 1.98 1.98 1.97 1.90 1.69
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Figure 21. Photovoltaic parameters tracking of MAPbBr3 devices fabricated with and without the inclusion of 0.50 mg/mL, 1.00 mg/mL,
2.00 mg/mL, and 5.00 mg/mL PbS-QDs for over 1776 h. Devices P5, Q5, Q7, Q9 and Q11 were always kept in vacuum, whereas devices
P6, Q6, Q8, Q10 and Q12 after 1320 h started being kept in ambient air.
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CONCLUSIONS

The main objective of this thesis was to improve the long-term stability of perovskite devices fabricated in
ambient air, namely MAPbBr3 solar cells. To further enhance the stability, PbS -QDs were incorporated into
the perovskite’s matrix. Additionally, pyridine was also subjected to study in order to improve the PSCs’
performance.

On the first section of the thesis, films and devices fabricated via one-step and two-step deposition
methods were developed. For the one-step approach, 1.0 M precursor solutions synthesised compact pinhole-
free films, which had low density of trap defects, and, given their higher thickness when compared with 0.6 M
and 0.8 M films, showed greater absorbance. Regarding the precursor solution solvent ratio study,
DMF/DMSO 7:3 precursor solution produced thicker films, leading to higher absorbance, and the most effi-
cient device, however DMF/DMSO 9:1 cells had on average higher PCE values. Not only that, but the latter
ratio fabricated devices which parameters presented a smaller deviation, which is desired, especially in not
controlled environments.

Regarding the two-step approach, the concentration of the precursor solutions (with 1:1, PbBr.:MABF)
ratio was initially studied. All the synthesised films with 1:1 ratio precursor solution presented poor surface
coverage, and bad structural and optical properties. Therefore, 1:0.27 ratio was studied, and the quality of the
films was enhanced significantly. The surface coverage was improved, and the absorbance also increased,
considerably.

Despite the improvement in films synthesised via two-step, when one-step and two-step devices’ per-
formance was compared, one-step produced more efficient and stable devices. Although for both types of
devices a decrease in FF was observed, due to perovskite degradation, it was much more severe on two-step
solar cells.

With the addition of pyridine, the PCE was expected to improve from the suppression of structural
defects. However, when fabricated in ambient air, pristine devices performed better than cells with pyridine.
Nevertheless, when the depositions were done in a controlled environment, inside of the GB, the positive
impact of pyridine was stated, as cells with pyridine obtained a PCE of 4.40%, whereas pristine devices could
only reach a maximum of 3.12%.

Concerning the degradation of perovskites, the gradual increase in the concentration of PbS-QDs en-
hanced the overall properties of films and devices, resulting, ultimately, on the increase in long-term stability.
On average, apart from an initial drop, all the devices maintained their PCE when kept in vacuum, which, in a
way, simulate the behaviour of encapsulated devices. When it comes to the concentration, a very low one,
0.05 mg/mL, proved to be detrimental to the stability, as even when compared to pristine devices, their degra-
dation rate was faster, especially when exposed to ambient air, becoming inoperable soon after. On the other
hand, high concentrations, 2.00 mg/mL, and 5.00 mg/mL, demonstrated to be very stable, even when exposed
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to moisture and oxygen, being capable to keep more than 80 % of their initial PCE in such conditions. Devices
with these concentrations, when in vacuum for 1320 h, increased their PCE by 18 %, from 2.03 % to 2.39 %,
and by 9 %, from 1.80 5 to 1.97 %, respectively, mainly due to a rise in Voc, explained by age-induced recrys-
tallisation. The exposure to ambient air led to a drop in Jsc resulting a decline of PCE on all devices, but
2.00 mg/mL solar cell still retained more than 12 % of its initial PCE value, this is 2.28 %, and 5.00 mg/mL
maintained 94% of it, which corresponds to a PCE of 1.69 %.

Additionally, the results obtained in the QDs in Perovskite Matrix section are promising, not only for
stability related studies, but also for IBSC investigation.

In summary, following a series of development steps and diverse deposition approaches, we have suc-
cessfully achieved the fabrication of perovskite layers with good quality that, when in devices, exhibit com-
patible performance and stability with the findings reported in literature, with the addition that, in our study,
MAPDBFr; was fabricated in ambient air, and PbS-QDs were added to its matrix to enhance the stability, which,
to our knowledge, has never been reported.

4.1 Future Perspectives

In order to further complement this study, a better optimisation of the deposition of MAPDBr3, via one-step
and two-step, should be carried out in ambient air conditions, so that films with better structural and optical
properties are obtained, permitting the achievement of higher PCE values. Moreover, optimising the addition
of pyridine in ambient air is also essential, as it was proven to enhance the quality of the perovskite layer. After
optimising the depositions, the same studies conducted in this work regarding the introduction of PbS-QDs
QDs could also be conducted but this time on solar cells with the active layer composed of MAPbBr; with
pyridine an additive.

Additionally, QDs could also be added to the interfaces between MAPbBTr3, and the charge transporting
layers to form passivation layers and further improve the stability, as it would prevent ion migration in sensitive
regions of the cells. Not only that, but, apart from moisture and oxygen, other factors that shorten PSCs lifetime
should also be studied, particularly heat, since when exposed to light devices heat up inevitably, fastening the
degradation process. Studies regarding IBSC can also be done given the good PV performances of the cells
fabricated in this thesis.

To increase the stability of MAPbBI3 solar cells even further, replacing the back contact or the HTL
and the back contact with a carbon paste layer can also be done, as in the case of Spiro-MeOTAD, it forms a
weak barrier for the diffusion of gold atoms that promote the degradation of perovskites. [18] At the same
time, the replacement would allow the fabrication of large-scale production of PSCs, which is essential for the
commercialisation of PSCs.

Another viable option after optimisation, is the integration of a MAPbBTr3 layer on triple junction tandem
solar cells when coupled with perovskite (lower bandgap) and silicon solar cells, leading to an improvement
in PCE.
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APPENDIX

A DEVICE FABRICATION

A.1 Substrate Preparation

After being cut, the glasses are cleaned in an ultra-sound bath according to the following: Hellmanex (Sigma-
Aldrich) solution (1% v/v) for 30 min; deionised water for 15 min; deionised water for 15 min; acetone (La-
borspirit) for 15 min; and IPA (Isopropyl alcohol) (Laborspirit) for 15 min.

A.2 Compact Layer (c-TiO>)

The first solution is prepared by mixing 180 pL of titanium (IV) isopropoxide (Sigma-Aldrich) with 1.25 mL
of ethanol absolute (99.9 %, Carlo Erba). This solution is mixed until it turns whiteish. The second solution is
prepared by mixing 18 puL. of HCI (Hydrochloric acid fuming 37 %, Merck) with 1.25 mL of ethanol absolute.
Then, the second solution is poured into the first one slowly.

A.3 Mesoporous Layer (m-TiO>)

For the m-TiO2 layer, 375 mg of titania paste (Sigma-Aldrich) were weighed and dissolved in 2.5 mL of
ethanol absolute.

A.4  One-Step Deposition Method of MAPDbBr3

To prepare the perovskite precursor solution (1.0 M), 550.500 mg of PbBr2 (Lead (I1) bromide, Sigma-Al-
drich) and 167.955 mg of MABr (Methylammonium bromide, Sigma-Aldrich) are weighed, mixed, and dis-
solved in 1.5 mL of DMF (N,N Dimethylformamide, 99.8%, Extra Dry, AcroSeal™, ACROS Organics,
Thermo Fisher Scientific) and DMSO (Dimethyl sulfoxide, 99.7%, Extra Dry, AcroSeal™, Thermo Fisher
Scientific) (9:1 v/v). For 0.6 M and 0.8 M solutions multiply the masses by 0.6 and 0.8, respectively.

For solutions with pyridine, 1.0 M MAPbBIr3 is used. After dissolving the powders in the solvents, 75
pL of 4-tert-butylpyridine (95 %, ABCR GmbH & Co) is added.

The solutions are stirred at 65 °C for at least 4 h and filtered by a 22 um filter before use.

A5 Two-Step Deposition Method of MAPbBT3

For 1:1 ratio solution, 330.300 mg of PbBr2 (0.6 M) and 100.773 mg of MABr (0.6 M) are weighed in separate
vials, and dissolved in 1.5 mL of DMF and IPA, respectively. The solutions are stirred at 65 °C for at least 4
h and filtered by a 22 pum filter before use. For 0.8 M and 1.0 M solutions multiply the masses by 1.33 and
1.67, respectively.

Regarding 1:0.27 ratio solution, 500.100 mg of PbBr; (1.0M) and 45.348 mg of MABr (0.27M) are
weighed in separate vials, and dissolved in 1.5 mL of DMF and IPA, respectively.
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A.6 PbS-QDs Addition to Perovskite Precursor Solution

For the ligand exchange a MAPbBr3 solution (0.15M) in 2 mL of DMF is prepared and stirred for at least 4 h
at 65 °C. This perovskite solution will act as a core-shell for the dots. Afterwards, 75 pL, 150 pL, 300 uL, and
750 pL from a PbS QDs (1000 nm emission peak, in octane, Quantum Solution™) solution are poured into
different vials and octane is added to make up 2 mL, to prepare QDs with concentrations of 0.5 mg/mL, 1.0
mg/mL, 2.0 mg/mL, and 5.0 mg/mL, respectively. After that, the QDs solution is slowly dropped into the shell
solution and let to stir overnight. Subsequently, the dots are purified. On this step, the octane is removed. Then,
it’s added again and removed, three times. Consequently, 1.2 mL of toluene (Merck) is added and right after
the solution is centrifuged (Neya 16 Remi) for 5 min at 10000 rpm. After being centrifuged, the excess solution
is removed, and the dots dried in vacuum.

A7 HTL

To prepare the Spiro-MeOTAD solution, 45 mg of spiro-MeOTAD (Sigma-Aldrich) is dissolved in 0.6 mL of
chlorobenzene, 17.1 pL of 4-tert-butylpyridine, and in 10.5 pL of lithium salt (Bis (trifluoromethane) sul-
fonimide lithium salt,99.95% trace metals basis, Sigma-Aldrich).
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B CHARACTERISATION

B.1 SEM

Top view and cross-sectional images were obtained by scanning electron microscopy (SEM) (Hitachi Regulus
8220 and a Carl Zeiss Auriga crossbeam (SEM-FIB), respectively).

B.2 XRD

The films’ structural characterisation was done by X-ray diffraction(XRD) using a PANalytical Xpert PRO
MRD diffractometer, being the X-rays’ source Cu K-alpha (A = 1.540598 A).

B.3 PL

Steady state photoluminescence (PL) of synthesised films was obtained using a Perkin EImer LS55 with exci-
tation at 300 nm.

B.4 UV-Vis Spectrophotometry

Films’ reflectance and total transmittance to obtain their ultraviolet-visible (UV-Vis) absorbance spectrum was
obtained by using Shimadzu UV-3101PC spectrophotometer’s ISR-260 Integrating Sphere (240 nm to 800 nm
wavelength range).

B.5 Profilometer

MAPDBBr3 films’ thickness was measured using XP-Plus Stylus Profiler (Ambios XP-Plus 200 Stylus) at a
speed of 0.1 mm/s with an applied force of 1 mg.

B.6 Opto-Electronical Characterisation

Devices’ J-V curves were obtained using Newport’s Oriel® VeraSol (VeraSol LSH-7520) solar simulator by
reverse scan under AM 1.5 G illumination conditions (1000 W/m2).
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C STRUCTURAL AND OPTICAL CHARACTERISATION

This section presents structural and the optical characterisation of the synthesised MAPbBr3 films, discussed
in the section Results and Discussion.
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Figure 22. Tauc plot of one-step MAPDbBTrs films synthesised with 0.6 M (a), 0.8 M (b), and 1.0 M (b) precursor solutions, respectively.
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Figure 23. Tauc plot of MAPbBr3 films synthesised via one-step deposition method using DMF/DMSO 1:0 (a), DMF/DMSO 9:1 (b)
and DMF/DMSO 7:3 (c) ratios for the precursor solutions.
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Figure 24. EDX mapping of MAPbBr3 two-step films synthesised on a 1:1 ratio.
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Figure 25. Tauc plot of two-step MAPbBI3 films synthesised with 0.6 M (a), 0.8 M (b), and 1.0 M (c) precursor solutions, respectively.
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Figure 26. XRD of MAPbBr3 films synthesised via one-step (1.0 M) and two-step (1:0.27) deposition methods.
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Figure 27. Tauc plot of the MAPbBT3 film synthesised with pyridine.
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Figure 28. Tauc plot of MAPbBTr3 films synthesised with the inclusion of 0.05 mg/mL PbS QDs.
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Figure 29 Tauc plot of MAPbBT3 films synthesised with the inclusion 0f5.00 mg/mL PbS QDs.
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D OPTOELECTRONIC CHARACTERISATION

This section presents the optoelectronic characterisation of the synthesised MAPbBTr; devices, discussed in the
section Results and Discussion.
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Figure 30 Box charts of the photovoltaic parameters obtained at reverse scan of MAPbBTrs devices fabricated via one-step (1.0 M) and
two-step (1:0.27).
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Figure 32 Box charts of the photovoltaic parameters obtained at reverse scan of MAPbBr3 devices fabricated via one-step with and
without pyridine addition inside the GB.
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