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ABSTRACT

Perovskite is a class of materials named after their characteristic crystal structure, present-
ing excellent optoelectronic properties. These properties (particularly, ambipolar charge
transport) allow these materials to integrate solar cells with and without the addition of
selective layers, like Electron-Transport-Layer and Hole-Transport-Layer, possessing also
the ability to be fabricated using simple, non-expensive, solution processing techniques,
like Spin-Coating. Coupled with its facile production, the steep rise in SC efficiency
over the last years, makes these materials a strong candidate to replace Silicon in the
photovoltaic market, both in solid-state and flexible devices.

Despite its many advantages, Perovskite SC still face considerable costs regarding
processing conditions and HTL materials. By fabricating these devices under ambient air
conditions and using Copper(I) Thiocyanate as the material for the HTL, the fabrication
costs are significantly reduced. To further lower fabrication cost, Methylammonium
Chloride is studied as a replacement for Methylammonium Iodide in Perovskite precursor
solution fabrication. Using this solution, crystalline films were obtained, studying several
deposition parameters, and the best reported ones, should provide a starting point for
further optimization under similar fabrication conditions.

The main goal for this work was the optimization of SC, using Spin-Coating tech-
nique, keeping the devices as low-cost as possible. Improving Perovskite film quality is
detrimental to enhance SC performance, which is why efforts were made to minimize
film degradation during Perovskite film fabrication and HTL deposition steps.

Due to the hygroscopic nature of the organic component in Perovskite films, the
influence of humidity levels was tested, and methods to reduce thin film degradation via
humidity exposure were also evaluated.

Overall, device optimization was successful, with Perovskite films reaching >95%
bulk density and the champion device presenting PCE of 2.65%, with J,. of 15.11 mA/cm?
and V,. of 0.701V.

Keywords: Perovskite Photovoltaics; Thin film solar cells; Spin-Coating; MACI; Solar
cell contacts; CuSCN HTL; Humidity influence on Perovskite.

X






REsumo

A Perovskite € uma classe de materiais assim denominada devido a sua estrutura crista-
lina, possuindo excelentes propriedades optoeletronicas. Estas propriedades (em especial,
transporte ambipolar) permitem que estes materiais sejam aplicados em células solares,
com e sem a adigao de camadas, como Hole-Transport-Layer e Electron-Transport-Layer. A
possibilidade de serem fabricadas através de técnicas simples e de baixo custo, aliado a ra-
pida subida na eficiéncia destes dispositivos nos ultimos anos, faz da Perovskite uma forte
candidata a substituir o Silicio, tanto em dispositivos de estado-so6lido, como flexiveis.

Apesar das vantagens, estes dispositivos enfrentam elevados custos de producao de-
vido nao sé ao seu processamento, mas também a escolha de materiais, em particular
para a Hole-Transport-Layer. A fabricagao destas células em condigdes atmosféricas nor-
mais, através de Spi-coating e usando Tiocianato de Cobre como material para a HTL,
torna os custos de producao significativamente reduzidos. No entanto, de forma a reduzir
ainda mais o custo, foi estudado Cloreto de Metilamoénio como substituto para o Iodeto
de Metilamoénio na fabricagao da solucao precursora de Perovskite, uma vez que este é
significativamente menos dispendioso. Embora nao tenha sido possivel obter dispositivos
altamente eficientes, obtiveram-se filmes cristalinos, usando esta solugao.

O principal objetivo deste trabalho consistiu na otimizacao de células solares, man-
tendo um reduzido custo de fabricacao. Melhorar a qualidade da Perovskite é essencial
para aumentar a eficiéncia, tendo sido por isso feitos esfor¢os para minimizar a degrada-
¢ao da camada ativa, durante a fabricagao do filme de Perovskite e deposi¢ao da HTL.

Devido a natureza higroscopica da componente organica da Perovskite, foi testada a
influéncia da humidade na formacao de filmes, bem como também diferentes métodos
para reduzir a degradacao do filme devido a exposi¢ao a humidade.

Com base nos diferentes testes, a otimizacao dos dispositivos solares foi bem suce-
dida, obtendo-se filmes de Perovskite com densidades em volume superiores a 95%, uma
eficiéncia de 2,65%, J,. de 15,11 mA/cm? e um V. de 0,701 V para o melhor dispositivo.

Palavras-chave: Perovskite fotovoltaicas; Células solares de filmes finos; Spin-Coating;
MACI; Contactos para células solares de filmes finos; CuSCN HTL; Influéncia da humi-
dade na qualidade da Perovskite.
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CHAPTER

GOALS AND MOTIVATION

The continuous and growing energetic needs, the challenges regarding traditional energy
resources, and the ever growing concern with sustainable development, has led Humanity
in search of what is known as renewable energies.

The Sun is a excellent energy source that will not disappear anytime soon, delivering
to the surface of the earth in one hour the same amount of energy consumed by humans
in a year [1]. For these reasons, it constitutes a superb renewable energy source.

Although it delivers such an incredible amount of energy, the processes for collecting
and using this energy are far from perfect. The conversion of this energy into electrical
energy is done through the use of photovoltaic materials, incorporated in devices desig-
nated as solar cells (SC). In the last years, Perovskite SC’s have attracted attention mainly
due to the rapid increase in Power Conversion Efficiency (PCE), increasingly approaching
those of Silicon, material that to this day, still dominates the solar cell market.

The attention given to these materials comes also due to its remarkable characteristics
as a photovoltaic material, coupled with the ability to be processed by simple and rela-
tively cheaper techniques, such as spin-coating, without the use of excessive temperatures
or high vacuum environment.

This work aims at improving the solar cell devices fabricated until this stage, striving
to improve device performance, through the understanding of fabrication parameters
vital for better device quality, while keeping the fabrication process as simple and as
low-cost as possible, hoping to achieve comparable PCE as to those found in Silicon based
devices. Besides device optimization, an effort is made in lowering the fabrication costs
by studying a different material(MAC]I) as a replacement for MAI in Perovskite precursor

solution.






CHAPTER

INTRODUCTION

Perovskite solar cells (PSC) have been gathering an increasing amount of attention, mainly
due to the rapid increase of device efficiency in a short time period over the last years [2,
3].

In 2009 it was reported a device efficiency just shy of 4% [4], on a dye-sensitized SC.
2012 was the year that sparkled an increase in attention for PSC, as it was the year that
a 9.7% solid-state PSC efficiency was reported, with 500 hours of confirmed stability
[5]. The rise of attention towards this type of SC sparkled a race for better performing
devices, and in 2015 a device efficiency of 20.2% was reported by W. Jang et al., using
Formamidinium (FA) as a cation. As of late 2017 a certified efficiency of 22.7% has been
achieved [6, 7]. The reported efficiency of PSC keeps getting closer to those reported in
Silicon based devices [8].

The continuous interest in these materials stems not only from its attractive optoelec-
tronic properties such as adequate and tunable band-gap, high absorption coefficient and
high life-time and mobility of the carriers [9, 10], but also due to its innate ability to be
fabricated using simple and low-cost processing techniques, namely spin-coating (2, 3].

Low-processing temperatures is a key requirement when fabricating flexible SC de-
vices, which is also the reason why Perovskite materials, having met this condition (pro-
cessing temperatures under 150°C) [2], have also made a huge contribution in this field,
where a 2.6% device efficiency was reported in 2013 [11] for a device built on a flexible
substrate. The efficiency skyrocketed, and in 2015, a PCE of 15.3% was reported by S.
Shin et al. [12]. As of late 2017, the record efficiency for a Perovskite SC device built onto
a flexible substrate is reported to be 18.1% PCE [13].

Although there has been remarkable advance in solar cells using Perovskite materials,
the top reported devices still do not meet all the requirements for a possible commer-

cialization, such as low fabrication cost, mainly due to the materials used, but also due
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CHAPTER 2. INTRODUCTION

to high processing temperatures (preventing these devices from being used in flexible
substrates) and highly controlled fabrication environments. Even for solid-state devices,
the PCE still falls behind that of top Silicon devices.

Currently, efforts are being made to further increase device efficiency through a num-
ber of different ways, while also keeping in mind the fabrication costs, so that Perovskite
based devices can one day compete in the SC market, currently dominated by Silicon, with
the goal of one day becoming the material of choice for both solid-state (single junction

and tandem) and flexible devices.

2.1 Solar Cell

Solar cell is a device that uses the photovoltaic effect in order to convert solar to electrical
energy. As demonstrated in figure 2.1, this energy conversion is achieved through the
use of semiconductor materials with an appropriate band gap (E,), so that photon energy
(E,n) is high enough (E,; > E,) to create an electron-hole pair within the material, by
exciting a valence electron into the conduction band of the material. After this excitation
process, the charges are separated due to the electrical field created by the p-n junction

and can then be collected in an external circuit.

Sunlight

n-type Material

p-n Junction

Solar Panel p-type Material

Electron
Flow

Hole
Flow

Figure 2.1: General working principle of a solar cell [14].

The efficiency of the different processes for the energy conversion and collection, will
determine the device efficiency, and is greatly dependent on the choice of materials and

its optoelectronic properties, such as an adequate band-gap (as close to the ideal 1.34
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eV as possible [8]), absorption coefficient, carrier life-time and mobility and others. The
solar cell efficiency is calculated through different parameters that can be obtained with

the I-V and P-V measurements (further details in Appendix A).

There are two major configurations when fabricating a Perovskite SC, designated as
conventional configuration (which is the most common and was the one employed in
this work), which can be planar or meso-structured, and inverted configuration. The
difference in these structures lies in the stacking of the different layers (as demonstrated
by figure 2.2).

The typical solar cell structure is a conventional type and consists of 5/6 different
layers, deposited usually on top of a glass substrate. This solar cell has a frontal contact
of FTO (FTO), on top of which a layer designated as Electron-Transport-Layer (ETL),
is deposited, consisting of just a compact TiO, film, in the case of the planar struc-
ture, or a mesoporous TiO, film deposited on top of the compact TiO, film, if it is a
meso-structured device. Following the ETL deposition, the active layer of Perovskite is
deposited, Methylammonium Lead Iodide (MAPbI;) being the most common material
for this layer. The Hole-Transport-Layer (HTL) is usually the last layer to be deposited,
and the most used material is 2,2°,7,7’-Tetrakis-(N,N-di-p-meth-oxyphenylamine)-9°,9’-
spirobifluerene (spiro-OMeTAD) [2]. On top of these films, gold, aluminum or silver back

contacts are also deposited.

(a) (b)
Gold
HTL

Figure 2.2: Different Solar Cell arquitectures [15]. a) Planar Structure; b) Inverted Struc-
ture; c) Mesoscopic Structure.

2.2 Perovskite Materials

Thin film solar cells, can be made from a variety of materials such as Si (amorphous and
crystalline), Compound semiconductors (GaAs, GalnP and others), CdTe, CulnSe2 and
organic semiconductors [16], but many of these materials are toxic (CdTe), expensive
to obtain/manufacture (most compound semiconductors), therefore preventing them

from being considered for commercialization. This is where organic-inorganic Perovskite
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materials shine, as they are relatively cheaper and can be fabricated using simple and

low-cost techniques.

2.2.1 Crystalline Structure

Perovskite used to be the name for the crystalline structure of CaTiOj3, but now refers to
any material that presents the same crystalline structure of ABXj3, exemplified in figure
2.3, where X is an anion simultaneously connecting to the two cation, A and B. In most
cases, A is an organic molecule, such as Methylammonium (MA) or Formamidinium (FA),
B can be either Pb or Sn and X is an halogen, such as I, Cl, Br or a mix of these, since it is

possible to tune the material properties by mixing the different integrating elements [17].

5 g ) : Anion, Ex.: I, CI,
O @0 @ @ B: Cation, Ex.: Ph, Sn
éf_‘ """" @ O _ @ A: Cation, Ex.: M4, FA

Figure 2.3: Perovskite Crystal Structure; a)Perovskite unit cell [17]; b) Crystal Structure
of cubic metal halide Perovskite (ABX3) [18].

As mentioned, these materials possess unique properties such as tunable band-gap,
high absorption coefficient, bipolar charge transport ability, high carrier mobility and life-
time, long charge diffusion lengths, and sollution processability [2, 19], without being

extremely costly, making it a very attractive material for thin film solar cells.
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2.2.2 Perovskite - Thin Film fabrication

Perovskite thin films can be processed from a variety of techniques like spin-coating
(one and two-step methods), dip-coating, doctor blade coating, spray pyrolysis, chemical
and thermal evaporation and others, and even mixing different techniques [20-27]. The
spin-coating technique is a relatively simpler and cheaper technique, compared to most,
which are the main reasons to keep researching and developing Perovskite SC devices

using this technique.

When fabricating thin films, high uniformity, good surface coverage and overall film
quality, are essential for better performing solar cells. Many efforts have been made to
achieve these qualities using spin-coating technique, whether through material choices

or even fabrication processes.

To achieve crystalline Perovskite thin films, it is important to first understand the
influence of the fabrication parameters on film deposition and crystallinity, and a large
amount of research is dedicated in order to understand each individual fabrication param-
eter [28]. Giles E. Eperon et al. studied the importance of film morphology and surface
coverage by varying processing conditions such as annealing temperature and time, fab-
rication environment (controlled humidity levels), and also material related parameters
like film thickness (both of Perovskite layer and TiO, compact layer) and solution solvents.
This group reported a loss in surface coverage with increasing annealing temperature,
increasing annealing time and lower film thickness (varied individually), translating in
lower device efficiency. Increasing annealing temperature had an interesting effect on the
films, where a transition from a continous layer to large Perovskite islands is reported,
this way reducing surface coverage and suggesting that lower temperatures equal better

surface coverage [29].

A. Dualeh et al. also studied the effect of annealing temperature on film morphology,
and reported incomplete film crystallization for annealing temperatures below 80° C,
regardless of annealing time. For high annealing temperatures (>150° C), the crystal-
lization is almost instantaneous and for extreme temperatures (200° C) it was reported a
quick formation of a yellowish film, indicating the presence of PbI, [30]. Indeed, for an
annealing temperature of 200° C, the absorption spectra resembles that of pure Pbl, and
for annealing temperatures above 120° C, XRD diffractogram reveals a peak associated
to Pbl,, indicating Perovskite degradation.

In order to achieve highly uniform films, while still using spin-coating technique, M.
Xiao et al. devised a new approach regarding the deposition/spinning step of Perovskite
films. This research group devised an efficient, reproducible and simple method for
reaching good morphology and high surface coverage, designated as Fast Deposition-
Crystallization (FDC) method, specific for one-step spin-coating procedure. FDC method
consists of spin-coating a precursor solution onto the substrate, make it spin and during
the spinning-step, drop an anti-solvent agent, like chlorobenzene, toluene and others,

in which the Perovskite as low solubility. This anti-solvent agent dropping step has the
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role of promoting rapid nucleation and crystal growth, by removing excess of precursor
solution solvents [19]. Using this deposition method, M.Xiao and coworkers reported full
surface coverage and micrometer-size grains, while being able to control film thickness.

In order to also promote rapid nucleation, W. Nie et al., reported the use of what
is named as "hot-casting method", in which both precursor solution and substrate are
heated, prior to Perovskite deposition. Using this method yielded Perovskite thin films
with millimeter-size grains, which is atributted to a prolonged growth of crystals due to
excess of solvent present at temperatures above crystallization temperature [31].

Regarding deposition procedures, Z. Xiao and coworkers reported an interesting
deposition method, in which a layer of Pbl, is first spin-coated onto the substrate, fol-
lowed by deposition of a Methylammonium Iodide (MAI) layer. During the annealing
and drying step, the two layers undergo an interdiffusion process and the end result is a
pin-hole free Perovskite film, with full substrate coverage, reporting better uniformities
than when using a precursor solution with both PbI, and MAI [32]. This research group
also reported being able to control crystallization and grain size, by varying annealing
time.

J.H. Im et al. reported a similar process denoted "two-step spin-coating", leading to
the formation Perovskite cuboids that are reportedly influenced by MAI concentration
[33].

As expected, the different parameters of Perovskite precursor solutions play a big part
in film formation, specifically concentration, influencing film thickness, surface coverage,
current density and such [28, 33, 34].

Perovskite solvents also play a role in film fabrication and, as such, have also been
the target of research. Solvent engineering is reported to help achieve highly uniform
films. N. Jeon et al. and B. Cai et al., both investigated different precursor solution
solvents (GBL, DMF and DMSO), reporting in both cases significant improvement on
film coverage and crystallinity when using a mixed solvent for the precursor solution,
whether that be DMF:DMSO or GBL:DMSO. This improvement has been attributed to
the fact that DMSO acts as solvent and also a coordination agent, allowing the formation
of an intermediate phase complex denoted "MAI-Pbl,-DMSO"[35], delaying the rapid
interaction between MAI and Pbl, during evaporation of DMF/GBL (in which MAPbI;
has high solubility) [21]. Both research groups used the FDC method developed by M.
Xiao et al. which is reported to help remove excess of solvents and allow a quick formation
of the intermediate phase film [21].

Also regarding Perovskite precursor solutions, H. Tsai et al. studied different solution
aging times, meaning the solution was prepared and left to stir at 70° C for various times
before film deposition. This technique is reported to drastically affect film formation and
crystallinity and overall device performance [36]. This research group correlates the film
improvement with aging time due to the formation of larger nucleation seeds, therefore
increasing grain-size with increasing aging time.

These studies give an idea of the different possibilities that exist in order to further
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improve thin film formation and corresponding device performance, while also demon-

strating the sensibility of the fabrication process for good Perovskite thin films.

2.3 Electron and Hole Transport Layers

As already mentioned, one of the big advantages of Perovskite materials is their bipolar
charge transport ability. For this reason it is possible to fabricate ETL and HTL-free
Perovskite solar cells, which is also an effective way of reducing the cost of fabrication
[37]. Despite this fact, Perovskite solar cells benefit from the addition of said layers, which
help improve charge collection and prevent short-circuit on bad film coverage areas of
the Perovskite layer.

The material choice for a specific layer (ETL and HTL) is not made at random, con-
sidering different factors like absorption coefficient (since most likely one of these layers
will have to allow radiation to pass through), band-gap, carrier mobility, fabrication pa-
rameters, how it affects layer interface, etc. But perhaps, the most important thing to
consider is the proper energy level alignment with the active (Perovskite) layer [37]. As
exemplified by figure 2.4, proper band alignment is critical, not only to facilitate charge
collection, but also to block opposing charges [37].

[ - Tio, Il - MAPbI, [l - CuSCN ETL Perovskite HTL
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Figure 2.4: Energy level alignment for some of the materials used in this work; Schematic
band-bending of energy levels [37-40]
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2.3.1 Electron Transport Layer - ETL

This layer has the main goal of helping charge extraction after electron-hole pair for-
mation in the Perovskite layer. In the specific case of the ETL, it deals with electron
extraction, facilitating the transport of these carriers to the respective electrical contact.
When fabricating conventional structure solar cells, the most common material for this
layer is TiO, [41]. Depending on whether the architecture is planar or mesoscopic (figure
2.2), ETL is composed of one or two layers. The planar architecture implies that only
a compact-layer of TiO, will be deposited on top of the FTO. This compact film will
act mainly as a blocking layer, reducing charge recombination [42]. Mesoscopic device
architecture means that, on top of the compact film, a mesoporous layer will be deposited
(also from TiO, in this specific case), which is reported to have a profound impact in
reducing hysteresis behavior, acting as a scaffold for the Perovskite layer and immensely

increasing charge collection [18, 41, 42].

2.3.2 Hole Transport Layer - HTL

Similar to the behavior of the ETL, HTL has the purpose of increasing charge collection, in
this case, holes, helping transport them to the respective electrical contact. In the organic
HTL department, spiro-OMeTAD is the material of choice for most devices reported in
the literature [2]. However, it presents some clear disadvantages like its high cost, low
hole-mobility and conductivity [37].

Inorganic HTL, mainly due to its significant lower cost, have gathered increasing in-
terest, appearing to be an effective alternative to organic HTL’s by reportedly having high
hole-conductivity and being easy to fabricate inexpensively (simple solution-processing
techniques and low fabrication temperatures), while also being more thermally stable
(less degradation in comparison), therefore acting as an insulating layer protecting the
Perovskite film from enviromental humidity [37, 43-45].

Copper(I) Thiocyanate (CuSCN) appears to be a excellent candidate for HTL fabrica-
tion due to its lower production cost, appropriate energy levels, and good optoelectronic
properties, without the need for high processing temperatures nor expensive techniques.
Devices with high efficiency have been reported with CuSCN as the material for the
HTL layer [43], hence making this as the material of choice for the HTL of the devices

fabricated during this work.

2.4 Film deposition techniques

Although Perovskite can be fabricated from a variety of techniques, one of the goals for
this work was to keep fabrication costs to a minimum, and as such, the main deposition

technique was kept as simple and as low cost as possible.
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2.4.1 Spin-coating technique

One of the techniques that can be used to fabricate a thin film of Perovskite is Spin-
coating. This technique presents advantages in respect to others in its simplicity and
low-cost, making it ideal for this work. Many researchers, using this technique, have
focused their resources into improving Perovskite thin film crystallinity (and by extent,
SC efficiency), with successful results [19, 21, 35].

Spin-coating is a fairly simple technique (as demonstrated in figure 2.5) but effective
in thin film production. The solution, containing the material that will form the film, is
deposited in the center of the substrate which is then made to spin at typically around
3000rpm [46]. It can be a single step spin in which the substrate is made to spin with
one speed and acceleration for the spin duration, or like in the case for the Perovskite
film deposition step, have first a slower spinning step, intended to aid spreading the film
on the substrate, followed by a faster second step which serves the purpose of removing
excess solvents and further spreading the film. Speed, acceleration, and time are all
factors that might influence film formation and can be tuned according to the needs of

the user.

g
8. Deposition b, Spin up
I %
— —
¢. Spin off d. Drying

Figure 2.5: Schematic of film fabrication via Spin-coating method [47].

2.4.2 Electron-beam evaporation technique

The gold contacts were the only film to be deposited with a different technique, which
was e-beam evaporation.

E-beam evaporation technique uses highly accelerated electrons that are emitted from
a filament (usually tungsten) due to the passing of current through the filament. The
highly accelerated electrons are forced, via magnetic field, into a trajectory culminating at
the crucible (which is water cooled so as to also reduce contamination). The accelerated
electrons transfer their energy into the material in the crucible, which vaporizes and

deposits onto the substrate. Since the whole process is done inside a chamber at very low
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pressure, this process is capable of producing highly pure thin films. [48, 49]. Figure 2.6

schematically represents this deposition technique.

Radiation heating

I
J 41\

Substrate

Crystal thlckncss
monitor

Evaporant

Water cooled crucible
&~ containing materials

Electron I '

gun High vacuum chamber

Figure 2.6: Schematic thin film deposition via E-beam technique [48].

2.5 Characterization Techniques

To evaluate film crystallinity different techniques were used and device performance
characterization was mainly done through electrical measurements in order to reach

device efficiency.

2.5.1 SEM - Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a technique in which highly accelerated electrons
are focused and made to collide with the sample. A number of different "products"result
from this interaction, as electrons decelerate upon impact (as illustrated by figure 2.7).
To obtain images of the film surface, the electron-sample interactions that matter are
the ones where the resulting products are also electrons (secondary and backscattered
electrons). Forcing the beam to scan a determined area of the sample, it is possible to
obtain images with a scale as small as a few nanometers [50]. From these images one can
evaluate film qualities like film spreading, impurities, and even check if the film presents

grain-like features.

2.5.2 XRD - X-Ray Diffraction

X-Ray Diffraction (XRD) is a technique that allows to obtain information about composi-
tion and crystal structure of a material, and is very helpful to understand film crystallinity

variations due to a change in fabrication procedure, for example.
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Figure 2.7: a) Electron-Sample interaction schematic; b) Electron-Sample interaction
volume [51].

It is based on the interaction of a monochromatic x-ray beam with the sample. Due to
the crystallographic plains of the material, it will only produce constructive interference
(diffraction) in certain directions, according to Bragg’s Law.

2dsin(0) = n) (2.1)

From Bragg’s Law comes Bragg’s equation (2.1), where d refers to interplanar distance,
0 is the sample orientation relative to the incident beam, n a positive integer and A
is the wavelength of the incident beam. In this law, and according to the interplanar
distance, it is possible to observe that, only in some orientations, there will be constructive
interference, translated into XRD peaks in the diffractogram. Peak position in a XRD
diffractogram is therefore characteristic of the material’s crystal structure, since each
material will have unique d-spacing [52]. Figure 2.8 illustrates a constructive interference

(waves in the same phase) according to Bragg’s law, which is the base principle for the
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XRD technique.

Figure 2.8: Constructive interference of reflected waves according to Bragg’s Law [53].

2.5.3 Ultraviolet-Visible Spectroscopy

Ultraviolet-Visible (UV-Vis) Spectroscopy allows to obtain information about absorbance,
transmittance, and reflectance of each composing layer of the solar devices. This tech-
nique uses a spectrophotometer to measure transmittance and reflectance (direct and
total, with different setups). From this two measurements it is possible to extrapolate the
sample absorption via: 1 = A+ T + R, where A refers to sample absorbance, T its trans-
mittance and R its reflectance. Although it is not simple, it is also possible to estimate
film thickness using Beer-Lambert’s equation (2.2), where I corresponds to initial beam
intensity, I the intensity of the beam that reaches the detector (after traveling through the

sample), a the absorption associated to the material, and / film thickness.

I =Iy.el*h (2.2)

In this work, it was estimated the thickness for the ETL by fitting the experimental
transmittance and reflectance spectra with simulated ones, using the analytic Transfer-
Matrix Method (TMM), implemented via Mathematica software.
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CHAPTER

EXPERIMENTAL PROCEDURE

This chapter will describe in detail the experimental processes used to achieve complete
solar cell devices.

The solar cells’ fabrication process can be divided into three main categories: Sub-
strate Preparation, Film Deposition and Contact Deposition. All the cell layers (except
for the electrodes) were deposited using spin-coating technique. Figure 3.1 schematically

represents the most crucial steps for the solar cell fabrication procedure.

3.1 Substrate Preparation

Fluorine doped tin oxide (FTO) coated glass (100 mm x 100 mm x 2.2 mm, 13 ()/sq,
82-84.5% transmittance), was first cut into 2.5 x 2.5 cm substrates. These substrates were
then covered in Kapton tape (on the FTO side), leaving two stripes, of 3-4 mm in width,
on opposite sides, to prepare for the etching. The etching procedure is described in topics
below, and was adapted from Ossila website [54].

—

. Prepare a 2M HCl solution;

2. Place mask onto the FTO glass substrates;

3. Apply Zinc powder onto the areas of interest;

4. Remove excess powder;

5. Place the substrate in a glass container (petri dish);
6. Coat the substrate with the 2M HCI solution;

7. Wait around 3 minutes for the reaction to finish;

15
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FTO Removal ETL Deposition

NN - & &
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Device Measurement +

External
Circuit

Figure 3.1: Schematic representation of the SC fabrication process and I-V measurement.
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8. With an cotton bud, wipe the etched area;
9. Remove mask;

10. Clean substrate with a cotton bud soaked in IPA.

The end result of this procedure is represented in figure 3.2.

4,00 mm

25,00 mm

P

25,00 mm

Figure 3.2: Glass substrate after FTO removal - In grey: un-etched FTO film; In blue:
etched areas(glass only).

Prior to the ETL deposition, the substrates were cleaned using ultrasonic baths. The
first bath contained DI water and detergent and lasted for 15 minutes at 50° C. After,
the substrates were rinsed in a DI water bath for 15 minutes at 50° C. The substrates
were then transferred onto an Acetone bath, followed by an IPA bath, both at 50°C for
15 minutes. The glass substrates were rinsed in DI water and dried using a nitrogen
gun, before being submitted to UV treatment for 15 minutes as the final cleaning step,

improving at the same time the wettability of the substrate.

3.2 Film deposition

This section will report, in order of deposition, the processes related to the fabrication of

each film/layer of the solar cells.

3.2.1 ETL deposition

For the ETL deposition the material of choice was TiO, and two different solutions were
used to make the compact layer, which are described in full detail in appendix B. It
was dropped a controlled volume (150 pl) of the precursor solution onto the substrate,
which was then spun at 3000 rpm (2000 rpm/s ramp) for 1 minute, for the solution

using TTIP, and 5000 rpm (with a 4000 rpm/s ramp) when using the TiCl, solution, as
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to obtain similar thickness [55]. After the spin-step, the substrates were dried for 10
minutes, at 120° C and then annealed at 450° C for 30 minutes on a hot-plate, in ambient
air conditions.

It was also tested the use of a mesoporous layer to see if it would improve the device
performance. The solution is described as well in appendix B, and the spin-step, dry-step

and annealing conditions were the same as for the compact layer using the TTIP.

3.2.2 Perovskite deposition

For the active layer, a few different solutions were tested, varying from different concen-
trations, to different solvents and reagents. For the MACI study, various concentrations
were used, but for MAI only two were tested, and for full solar cell devices only the 1M
solution was used. All the details for the used solutions are in appendix B.

For this work it was employed a technique called "Solution aging", where the precursor
solution is prepared in advance to the deposition, with precise timing. For this work a
24 hour aging was used, meaning the solution was prepared and left to stir at 70° C for
24 hours. Prior to the spin-step, the substrates were also heated to 70°C (Hot-casting
method). Higher temperatures were tested using the MACI precursor solution (90° C
and 100° C), but the solution would evaporate too quickly on the substrate before the
substrate was made to spin, especially at 100° C and as such, they were eliminated from
following studies.

A precursor solution volume of 150 pl when using the MACI solution, and 120 pl for
the MALI solution, was spin-coated onto the substrate using a two-step spinning program.
For the MACI solution the spinning program consisted of a first step of 2500 rpm for
155 (2000 rpm/s ramp) followed by a 5000 rpm for 25 s (4000 rpm/s) step. In the case
of the MAI solution it was first used a spinning step of 1000 rpm for 10 s (500 rpm/s
ramp) followed by 6000 rpm for 20 s (5000 rpm/s ramp) step. During the second stage
of the spinning process, different anti-solvent agents were dispersed onto the substrate.
It was also tested using an anti-solvent on the first stage of the spinning step. This will
be described in further detail on chapter 4.

The final step for the active layer is the annealing, which was done at 100° C for 10

minutes in the MACI case and it was tested 15 and 60 minutes using MAI solution.

3.2.3 HTL deposition

CuSCN was used as the material for the HTL. Two different solutions were tested and
their respective details are in appendix B. The main HTL solution used is the one where
the solvent is Di-n-propyl sulfide. This solution has to be done at least 48 hours prior to
HTL deposition in order for the solution to become transparent. A volume of 100 ul was
spun-cast onto the substrate with a spin-step of 4000 rpm (3000 rpm/s ramp) for 1 min
in the beginning and it was then changed to 30 s. It was also tested a method which will

be referred as "Drop-Cast", in which the defined volume of solution is only dropped onto
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the substrate after the first 5 s of spinning, where the parameters are: 5000 rpms (4500
rpm/s ramp) for 30 s. Annealing of this layer is done at 90° C for 30 minutes in ambient

air conditions.

3.3 Contact deposition

The final step in order to complete the solar cells is to deposit the gold contacts. Acetate
masks illustrated in figure 3.3, designed using CorelDRAW software, were cut using
a CO, LASER (from Universal Systems) and placed onto the devices prior to gold de-
position. The deposition was achieved through electron-beam evaporation in working
pressure of 107 mbar and it was deposited 80-100 nm of gold for the back and front con-
tacts. The end result of the devices is represented in figure 3.4. As the contacts were also
one of the key tasks for this work, further details of the contact process will be presented

and analyzed in chapter 4.

B [ ]

T L L ||

a b

Figure 3.3: a) Masks used in the original version of the contacts (opening for contacts:
8x0.6 mm?); b) Masks used for the new contact version (opening for contacts: 10x1 mm?).

3.4 Characterization

In this section it is presented the characterization techniques and the respective equip-
ment, used throughout this work.

3.4.1 SEM analysis

Cross section measurements of complete SC devices was accomplished using a Carl Zeiss
Auriga crossbeam (SEM-FIB) workstation instrument equipped with an Oxford Instru-
ments Aztec X-ray energy dispersive spectrometer. Surface morphology of Perovskite
films was mainly evaluated using a Tabletop Microscope TM3030 Plus + Quantax 70
SEM.
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a b c

Figure 3.4: a) SC device using original contact version; b) SC device using
etching/perimeter-mask version; c) SC device using final version; In white are the ar-
eas that remain film-free; In grayish-blue FTO-only areas; In dark-brown is represented
the effective device area (area where all the layers are deposited; In gold are represented
the different deposited contacts.

3.4.2 UV-Vis Spectroscopy

The optical characterization of the films was achieved using a Shimadzu UV 3101PC. To
obtain absorbance spectra, an ISR-260 Integrating Sphere was used in order to obtain
Total Transmittance and Reflectance spectra within a 300-830 nm range. The thickness
estimation for the TiO, compact layer was obtained through optical simulations with

TMM, using Mathematica software, developed by Professor Manuel Mendes.

3.4.3 XRD analysis

Structural analysis of Perovskite films was achieved through X-ray Difraction (XRD) us-
ing a PANalytical X'Pert Pro X-ray diffractometer in Bragg-Brentano geometry, with a
monochromatic Cu-Ka radiation source (1.5406 A). The resulting diffractogram was

acquired using the High Score Plus software (PANalytical).

3.4.4 Electrical characterization

[-V measurements (and consequently P-V measures) were obtained using a SS150 Reflec-
tive Solar Simulator from Sciencetech coupled with LabView software. The measurements

were carried out at room temperature under AM 1.5 conditions.
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CHAPTER

REsuULTS AND DISCUSSION

This chapter will be divided into three main sections, as these were the main goals
throughout the thesis. In each section it will be presented the corresponding results,
as well as these being interpreted and discussed, terminating with a few conclusions
about the results.

The first section will address the processes of fabrication of the front and back contacts,
as this was thought to be one of the key reasons as to why the devices developed until
this stage were not achieving the desired performance.

The middle section focuses on the study of MACI as a possible viable replacement of
MAI, in Perovskite synthesis for future devices.

The third section will report the efforts on one of the major objectives of this master
thesis: the optimization of the devices obtained in the previous work.

The results presented in this chapter will not be chronologically in order, and as such,

the results from each section can be correlated only to an extent.

4.1 Solar Cell Contacts

As it was already mentioned, the contacts were thought to be hurting the performance
of the devices, particularly, the back contacts. The measuring tips, with which the I-V
measures were taken, could have been penetrating the gold contacts and thus, damaging
the underlying films, ultimately reaching the FTO film, causing a short-circuit and invali-
dating the measurement. In order to prevent this from happening, a new type of contacts
needed to be thought of, one that could deal with the fact that the measuring tips could
penetrate the films.

The first step was to remove the FTO in the areas where the tips for the I-V measure-

ments were to be placed, meaning part of the back contacts was placed on a FTO-free
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zone of the device. A few trials were made in that sense, using different processes [56, 57],
until there was success removing the FTO through the process described in full detail in
3.1. The resulting substrate is illustrated in figure 3.2.

Following the successful removal of the FTO stripes, after a few test versions diverging
mainly on number and position of contacts, a new mask design was created (3.3b) to
replace the one used for the previous type of contacts (3.3a). This new mask incorporates
a second front contact, to help reduce the distance between the measuring tips during

the measurement, hoping to improve it.

4.1.1 Etching-Method Contacts

Initially it was used a fabrication process, reliant on keeping the stripes (areas where the
FTO had been removed) film-free. This was first done by selectively removing, on the
zones of interest, the film that was just spin-casted onto the substrate. This meant that,
after the deposition of an individual layer and prior to the dry-step or annealing step, an
etching of a "perimeter area"was done, using a cotton bud soaked in different materials,
depending on the film being removed at the time. For the TiO, and CuSCN layers, the
respective solution solvents were used for the etching of the desired area, while for the
Perovskite layer, acetone was used for the etching. The resulting substrate is shown in
figure 4.1, where the blue color refers to the film-free areas, grey color referring to an
area with only FTO film (front contact) and the dark-brown color referring to the effective
device area (all films present). This method shall be referred as the "Etching contact

method"in this document.

Figure 4.1: Substrate resulting from the etching method, prior to gold contact deposition,
with dimensions as the ones in figure 3.2. Blue color refers to film-free areas of the
substrate; Grey color refers to the FTO front contacts; Dark-brown color refers to effective
device area.

After a few batches using this contact method, a problem with controlling the etched
area became apparent: the etching process was not extremely precise, sometimes lead-
ing to an under etching of the area, or sometimes an over-etching of the desired areas,
exposing underlying layers (ultimately exposing the FTO film), compromising the device

performance since exposing the FTO film on undesired areas leads to Voc loss and a
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short-circuiting. Another problem that surfaced while doing this type of contact proce-
dure was the clear degradation of the SC films (particularly the Perovskite film) on the
film edges due to the etching, which can be observed in figure 4.2. In order to test the
types of contacts, a few batches were dedicated only to testing the different processes of

fabricating the contacts.

a b
Figure 4.2: Effects of the Etching contact method on film quality, presenting degradation
on film edges.

The I-V and P-V measurements for the first batch of SC devices dedicated solely to
the contact testing is presented in figure 4.3, with the details of each measurement be-
ing presented in table 4.1. There seems to occur some abnormalities, such as a sudden
drop or small rise and stabilization, in the current values towards the end of the mea-
surements. It is believed (although it was not tested during this work) to be due to the
electronic measurement unit, as upon measuring low currents, it automatically enters
in a limiting range of current, giving out, from that point forward, the same value of
current, independently on the real value. This is verified in more devices, especially in
those of lower performance, as these naturally present low currents, therefore entering
the limiting range of the measurement unit sooner.

The difference of the devices is very clear, pointing towards the original contact proce-
dure being the correct one. The measurements for the device with original contacts falls
within the expected values according to previous work [34], but the difference with using
the etching version was not expected to be so pronounced. Only a slight variation in
I-V measurements was expected before these devices were fabricated, and coupled with
the fact that from the entire batch only one sample of each contact type was possible to
measure (all other devices were not working), it was not possible to be concluded, using
solely this batch, which contact type was best suited for the SC devices and as such, a new
batch was made in order to repeat this test. The results are shown in figure 4.4 with the
corresponding values of interest in table 4.2.

On this batch the trend was inverted, meaning the better performance was exhibited
on the devices fabricated using the Etching-Method, which seems to contradict the previ-

ous batch where the contrary was observed. Another aspect making these results peculiar,
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Figure 4.3: I-V a) and P-V b) measurements for solar devices differentiating on the contact
type (Etching vs Original). Devices fabricated using a compact TiO, using TTIP Solution;
Perovskite layer using 1 M Solution (MAI:PbI, 1:1), with 100 pl chlorobenzene droping,
annealed for 60 mins at 100°; CuSCN layer annealed at 90° for 30 mins.

Table 4.1: Performance values for the data presented in figure 4.3

SC Devices Voc(V) | Jsc(mA/cm?) | FF [ Rsh(kQ) | Rs(kQ) | PCE(%)
Original contacts 0.631 5.48 0.175 1.86 3.204 0.604
Etching-Method contacts | 0.073 1.54 0.187 | 0.511 0.910 0.021
Table 4.2: Performance values for the data presented in figure 4.4
SC Devices Voc(V) | Jsc(mA/cm?) | FF | Rsh(kQ) | Rs(kQ) | PCE(%)
Original contacts 0.674 0.338 0.439 265 11.3 0.1
Etching-Method contacts | 0.416 5.186 0.202 | 0.988 1.31 0.435
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Figure 4.4: I-V a) and P-V b) measures for SC devices differentiating on contact type
(Etching vs Original - second attempt). Devices fabricated using a compact TiO, using
TTIP Solution; Perovskite layer using 1 M Solution (MAI:PbI, 1:1), with 100 pul chloroben-
zene droping, annealed for 60 minutes at 100° C; CuSCN layer annealed at 90° C for 30
minutes.
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is the fact that from the SEM images shown in figure 4.5, the film quality appears to be
better on the device made using the original contact method, where it is possible to see
grain-like structures on 4.5a) versus no grains on the device with the etching-method
4.5b). In figure 4.6 it is possible to see again the difference between the device fabricated
using the original procedure(on the right) and the one made with the etching-method(on
the left).

The devices were also characterized using XRD (figure 4.7) where it is possible to
observe the peaks corresponding to the tetragonal phase of MAPbI3, marked with full
rhombus, the Pbl, peak, marked with an asterisk, and also peaks regarding the CuSCN
and FTO layer (marked with cardinal and full circle, respectively)' [21, 24, 34]. These
diffractograms demonstrate a higher Pbl, peak for the device fabricated using the etching-
method, indicating a higher degree of organic degradation on the perovskite film, trans-
lating in a formation of a Pbl, film. This could in fact be related to the etching step
necessary for this method because, as demonstrated previously with figure 4.2, the film
quality tends to be inferior on the film edges due to the etching procedure. The fact that
the main perovskite peaks are more intense and narrow for the device fabricated using
original method contacts (values in tables 4.3 and 4.4) helps corroborate the assumption

that, using the etching-method results in films of lower quality.

Another problem with using the etching-method is the actual etching-step itself. Etch-
ing the films on the designated area meant that the substrates after spinning, were not
immediately submitted to their heating treatment (that being a dry-step or annealing
step). This is especially concerning with the Perovskite films, being that it is desired a
fast crystallization of the perovskite film [19, 34]. Although in this work, the FDC (Fast
Crystallization-Deposition) method developed by M.Xiao et al. was employed, the fact
that the substrates were not placed on the hot-plate right after the spinning step was

done, could be delaying the crystallization of the films.

These results demonstrate that the contact procedure does in fact play a significant
role in the quality of the device while also pointing to the fact that, although tackling the
issue of damaging the films with the measuring tips during I-V measures, the new type

of contacts (using the etching method) was in fact hurting the devices.

Table 4.3: Perovskite Peak Parameters of the diffractograms in 4.7 - Original Method
device.

20 (o) | Intensity (a.u.) | FWHM (o)
14.07 22117.6 0.127
28.3 9065.1 0.149

IThe XRD peak symbol system remains the same throughout the document.
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a b

Figure 4.5: Surface morphology influence with contact type. a) Original-Method; b)
Etching-Method

Figure 4.6: Difference between devices using the etching-method (on the left) and the
original contact process (on the right).

Table 4.4: Perovskite Peak Parameters of the diffractograms in 4.7 - Etching Method
device.

20 (o) | Intensity (a.u.) | FWHM (o)
14.07 17164.6 0.130
28.3 8929.3 0.177

27



CHAPTER 4. RESULTS AND DISCUSSION

45000 F ¢ —— T4 - new contacts (etching-method)|
r —— A8 - original contacts
40000 [
[ .
35000 [ .
L #*
.
30000 - * M 4 MR
o 25000F ¢
pe I
£ 20000 |-
% 8
£ 15000
10000 |- +
I .
5000 - :
¢ + ﬂ ' +
’_A.J . A A ft
0F
L | " 1 " 1 M ]
10 20 30 40 50
Angle (20)

Figure 4.7: XRD diffractograms - Contact Study: Etching-Method vs Original Method.
Peaks corresponding to the tetragonal phase of MAPbI;, marked with full rhombus, the
PbI, peak, marked with an asterisk and also peaks regarding the CuSCN and FTO layer
(marked with cardinal and full circle, respectively).

4.1.2 Perimeter-Mask-Method Contacts

The results from 4.1.1 made it clear that the etching-method was not the correct procedure
for the contacts on the SC devices and as such, a different approach was needed, one that
still tackled the issue of the possible film damage during the I-V measurements, while
avoiding the film degradation that resulted from the etching-method.

As discussed previously, the actual etching step was the main problem with that
specific contact procedure and as such, the new approach for the contacts envisioned
removing all together this step.

The solution found was instead of removing (etching) the films after each deposition,
the areas of interest (lateral stripes of glass only and FTO areas for the front contact)
would remain film-free throughout the entire film deposition process. This was done by
taping Kapton masks on the designated areas, removing them only before the gold contact
deposition step. The resulting substrate is represented in figure 4.8, where in yellow
color is represented the Kapton mask and in dark-brown the SC films. This particular
contact method shall be referred as "Perimeter-Mask-Method". This method allows for a
more controlled film-free area and it does not introduce a intermediate step between the
spinning and the annealing treatments of each film (the substrate is moved directly to
the hot-plate after the spin step).

From this SC batch resulted the I-V measurements present in figure 4.9 with the re-
spective performance values in table 4.5, where again the unusual I-V behavior, most

likely due to the electronic measurement unit, is verified. These results, indicate a higher
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Figure 4.8: Substrate resulting from Perimeter-Mask Contact Method of fabrication. Dark-
brown area is the effective device area; Gold color area represents the Kapton mask placed
on the substrates before ETL deposition, with the same dimensions as in figure 3.2.

performance for the devices fabricated using the original contact method. On a first
approach this could be related with the fact that the Kapton masks leave behind a glue
residue (due to the high annealing temperatures used for TiO,), possibly undermining
the I-V measurements. The XRD measurements (figure 4.10) also point towards a higher
film quality on the device fabricated using the original contact method, since the diffrac-
tograms for that device shows narrower and more intense peaks, as demonstrated when
comparing tables 4.6 and 4.7. These results point towards the original contact procedure
translating in a better SC device. For this reason, the Perimeter-Mask method was no

longer used in future batches.

Table 4.5: Performance values for the data presented in figure 4.9

SC Devices Voc(V) | Jsc(mA/cm?) | FF | Rsh(kQ) | Rs(kQ) | PCE(%)
Original contacts 0.55 0.33 0.45 0 8.9 0.08
Perimeter-Mask contacts | 0.25 0.23 0.73 0 0.11 0.041

Table 4.6: Perovskite peak parameters of the diffractograms in 4.10 - Original Method
device.

20 (o) | Intensity (a.u.) | FWHM (o)
14 18138.2 0.148
28.28 7058.5 0.170

Table 4.7: Perovskite peak parameters of the diffractograms in 4.10 - Perimeter-Mask
Method device.

20 (o) | Intensity (a.u.) | FWHM (o)
14 8953.0 0.166
28.27 4119.7 0.171
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Figure 4.9: I-V a) and P-V b) measurements for SC devices differentiating on contact
type (Perimeter-Mask vs Original).Devices fabricated using a compact TiO, using TTIP
Solution; Perovskite layer using 1 M Solution (MAI:PbI, 1:1), with 100 pl chloroben-
zene droping, annealed for 60 minutes at 100° C; CuSCN layer annealed at 90° C for 30
minutes.
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Figure 4.10: XRD diffractograms - Perimeter-Mask-Method vs Original Method. Peaks cor-
responding to the tetragonal phase of MAPbI;, marked with full rhombus, the Pbl, peak,
marked with an asterisk and also peaks regarding the CuSCN and FTO layer (marked
with cardinal and full circle, respectively)

4.1.3 Conclusions

The results presented previously clearly demonstrate the importance of having good
contacts for the SC measurements. It also shows the impact that the different contact
procedures have on the device performance, highlighting the sensitivity of the fabrication
process of this kind of devices.

Although the above tested methods proved to do more harm than good to the SC
devices, the issue remained: the tips could be damaging the films during I-V measures,
undermining the device performance. As this issue was of critical importance to a better
device performance, the solution found in order to tackle the issue of the film damage
during I-V measures, without compromising the device performance (example: bad film
quality due to the special contact procedures), was to combine the original contact proce-
dure with the premise of the other contact types, that being fact that the devices should be
prepared to deal with possible film damage caused by the tips during I-V measurements.
In a sense, the solution found is a simplification of the contact procedures, where the
substrates are still being striped of FTO on the designated areas (two lateral stripes), but
these areas do not remain film-free as was done in the other contact procedures.

Given that this tackles the main issue while keeping the fabrication procedure simple,
in comparison, there was no need to devote anymore batches to studying the contacts,
being that this procedure is essentially the same as the original, only with the addition of
the FTO removal step and an extra front-contact. The resulting substrate is represented

in figure 3.4c), and this contact procedure is designated as Final-contact-method.
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4.2 MACI as replacement for MAI in Perovskite precursor

solution

This section reports the efforts on the study of MACI as a replacement for MAI in the
Perovskite precursor solution. The main reason for this study is the fact that MACl is a
significantly cheaper material when compared to MAI. As already mentioned, a low-cost
device is one of the main goals to achieve, so that in the future this kind of devices are
able to commercially compete with the dominant Silicon based solar devices. Another
reason is the actual benefit of Cl incorporation in SC devices, which has been reported
as a way to enhance the material properties by improving the carriers transport within
the active Perovskite layer [28, 58, 59]. Devices fabricated using MACI as a precursor in
Perovskite solution have been reported to have high film quality and integrate SC devices
with high PCE (31, 36].

4.2.1 First batch of SC using MACI as a Perovskite solution precursor

As a starting point for the MACI study, the same solution reported by Hsinhan Tsai et
al. was used for the fabrication of the first SC devices using the MACI precursor solu-
tion, meaning: a 0.217 M solution in DMF, with the spinning and annealing parameters
described in 3.2.2 for MACI solutions. The Perovskite solution was deposited on top of
a compact TiO, film using the TTIP solution. In the final seconds of the spinning step,
80 ul of toluene were dropped on the substrates. The resulting substrates are present in
figure 4.11.

Figure 4.11: Substrates with compact TiO, and Perovskite layer using 0.217 M MACI
solution in DMF. The difference in color tone is most likely related to small differences in
the anti-solvent dropping step such as timing, distance to the substrate, or disperse flow.
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As it can be seen in figure 4.11, the resulting samples present an almost transparent
yellow color, indicating the formation of a Pbl, film instead of the desired Perovskite.
This is most likely related to the fact that the solution possessed low quantities of solutes
compared to the solvent, which was pure DME. Despite the fact that using an almost
identical procedure, Hshihan Tsai and coworkers obtained good quality films, these un-
satisfying results here obtained were, to some extent, expected, according to the work by
B.Cai et al., where it is explained that the use of a pure DMF Perovskite solution results
in films of lower quality, due to the difference in solubility of the two solutes in the Per-
ovskite solution, causing them to separate from one another during the DMF evaporation
[35]. Considering the resulting substrates, no HTL was deposited on top.

4.2.2 Perovskite solvent variation

Taking into account the previous results, it was necessary to test Perovskite solutions
with different solvents, before remaking a SC batch. This test was conducted in glass
substrates as they were not intended to be full solar devices.

Three solutions were tested: pure DMF, pure DMSO and a mixture of DMF:DMSO
(1:1 ratio). The concentration used for this test was 0.434 M with 80pl of toluene dropped

in the final seconds of spinning. Figure 4.12 shows the resulting substrates.

Figure 4.12: Perovskite layer, from different solutions, deposited over glass - a) pure DMF;
b) pure DMSO; ¢) DMF:DMSO (1:1).

From figure 4.12 a) it is possible to see an improvement on the films, by simply
increasing the concentration from 0.217 M to 0.434 M. On the middle sample in 4.12b)
the toluene dropping step suffered an accident, causing that non-uniform film. The
middle sample in 4.12c) presents some streaks/flares which could be due to particles
sitting on the substrate prior to the fluid dispense, solution sitting on the substrate for too

long prior to spinning, or particles existing on the fluid being dispersed [46]. Some other
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substrates also present some bubbles/holes which can also be attributed to the dispense
tip being unevenly cut.

Although the substrates that were prepared using a pure DMF solution presented a
better film color (closer to the desired dark-brown) when compared to the films produced
with a lower concentration (4.11), these films still appear to be somewhat transparent
indicating that this type of precursor solution is not ideal for SC fabrication.

The substrates where a pure DMSO solution was spin-coated, presented a transparent
yellowish color, which is not ideal, indicating the formation of a Pbl, film instead of
the desired Perovskite. The sub-optimal surface coverage could be related to the low
evaporation rate and high viscosity of DMSO.

The samples appearing to have better quality films are the samples where a mixed
solvent of DMF:DMSO was used, showing a more desirable color, comparing to a pure
DMF or DMSO substrate, while also having the least transparent films of this test. It
also appears to produce an evenly spread and uniform film, especially on the sample on
the right in 4.12c), quality that has been attributed to the formation of an intermediate
complex (Pbl,-MAI-DMSO)[35].

It has been demonstrated that depositing perovskite on different substrates influences
the material, and since the main goal is to develop SC devices, no further test were
conducted in glass substrates. This test served only as an indication of the direction to

follow after the first try, regarding concentration and solvents for the perovskite solution.

4.2.3 Second attempt at SC fabrication using MACI solution

Considering the results from the glass-substrate test, for this SC batch, a concentration
of 0.642 M on DMF:DMSO (1:1) solvent mix was used for this solution. Only one out
of three samples was possible to measure. The resulting I-V and P-V measurements, for
some contacts of the sample, are represented in figure 4.13, with the respective values of
interest for the best contact (contact 7 - reverse bias) are displayed in table 4.8, where it is
both represented the forward and reverse bias numbers. The disparity when comparing
contacts of the same substrate demonstrates the difficulty in obtaining a evenly spread
and uniform film. The overall results are well below the desired values, even for the
contact 7-rev. It is also possible to observe some form of hysteresis, since for the same
contact using a forward bias results in slightly lower values than when a reverse bias is
used for the I-V measures as shown in figure 4.13 for contacts 2, 5 and 7. This hysteresis
effect could be simply due to the intrinsic properties of the perovskite material [60, 61],
but also due to the interface between TiO, layer and perovskite layer as reported by P.
Vivo et al.

These sub-optimal results are most likely due the film quality on the perovskite layer
and the contact procedure (which had not yet been optimized). Although the perovskite
film conditions chosen were the ones that presented the better results on the glass sub-

strates, they still present a non-ideal color, and are still somewhat transparent. The fact
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Figure 4.13: I-V a) and P-V b) measurements for SC devices using MACI solution. Devices
fabricated using a compact TiO, using TTIP Solution; Perovskite layer using 0.642 M
Solution (MACI:PbI, 1:1), with 80 pl toluene droping, annealed for 10 minutes at 100° C;
CuSCN layer annealed at 90° for 30 minutes.

Table 4.8: Performance values for the best curve present in 4.13 (contact 7 - rev)

SC Devices Voc(V) | Jsc(mA/cm?) | FF | Rsh(kQ) | Rs(kQ) | PCE(%)
Contact 7 - reverse bias 0.132 0.07 0.33 99.6 17.7 0.0031
Contact 7 - forward bias | 0.125 0.065 0.35 69.6 14.4 0.0029

35




CHAPTER 4. RESULTS AND DISCUSSION

that no further samples could be measured, coupled with the fact that these kind of
devices tend to suffer an extremely fast degradation, prevented from reaching a clear

conclusion.

4.2.4 TiCly as a precursor for the TiO, solution

Following the results from the last batch, given that the sample exhibited a small hys-
teresis behavior and overall low performance values, it was decided to test an aqueous
TiO, precursor solution using TiCly, as this solution as been reported to slightly increase
device performance, while at the same time countering the effects of hysteresis due to the
formation of large crystals that help reduce the trap states induced from grain boundaries
[55]. From the optical analysis in appendix C, using TiCly for the TiO, layer, results in a
compact layer with overall lower transmittance than for the compact layer produced via
TTIP solution. Nonetheless, the difference is not significant and is worth to consider this
new solution.

This batch was the first time that the etching-method for the contacts was thought
to be hurting the devices and as such, a few SC were fabricated without the addition of
the HTL (as it was observed that the solvent for the CuSCN solution has the ability do
dissolve the Perovskite film). The I-V and P-V measurements for the best samples for each
condition in this batch are present in figure 4.14 with the respective values of interest in
table 4.9.

Table 4.9: Performance values for the I-V and P-V measures present in 4.14.

SC Devices | Voc(V) | Jsc(mA/cm?) | FE | Rsh(kQ) | Rs(kQ) | PCE(%)
A 0.943E-2 0.99 0.294 0.17 0.11 0.003
K 0.311 1.61 0.135 1.52 4.20 0.068
L 0.88E-2 2.357 0.302 1.06 4.05 0.063
T 0.238 1.929 0.286 2.06 1.41 0.131

Analyzing figure 4.14 together with table 4.9, two tendencies seem to emerge: using
TiCly for the TiO, seems to result in devices with slightly higher Voc and Jsc with also an
increase in PCE; devices without an HTL present a higher Jsc but lower Voc, with a small
increase in PCE.

The increase in efficiency when using the c-TiO, layer produced with the TiCly solu-
tion could not only result from a better interface between TiO, and the perovskite layer,
but also to a more dense film, despite both not showing the desired grain-like features, as
can be confirmed when observing image 4.15. Despite the fact that the c-TiO, fabricated
using the TiCl, seems to improve the overall efficiency of the device, it was not the decid-
ing factor to boost these devices to values close to the ones in literature, demonstrating
that the main issue is most likely on the actual active layer of the SC (Perovskite).

Removing the HTL deposition step from the fabrication procedure results in devices

with higher efficiency, corroborating the assumption that the contact procedure was not

36



4.2. MACL AS REPLACEMENT FOR MAI IN PEROVSKITE PRECURSOR
SOLUTION

25 E

—A: TTIP + CuSCN
——K: TiCl4 + CuSCN -
——L: TTIP without CuSCN
— T: TiCl4 without CUSCN

2.0

1.5

1.0

Current Density (mA / cm?)

0.5

1 1 1 i — 1 .

0.0 . . T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Voltage (V)

0.010 —
——A: TTIP + CuSCN
——K: TiCl4 + CuSCN
——L: TTIP without CUSCN
0.008 - —— T: TiCl4 without CUSCN f
S 0006} -
E
g
[e) 0.004 -
o
0.002 4
OOOO 1 1 1 1 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Voltage (V)
b

Figure 4.14: I-V a) and P-V b) measurements for SC devices using MACI solution. Devices
fabricated using a compact TiO, using TTIP solution or TiCly solution; Perovskite layer
using 0.642 M Solution (MACI:PbI, 1:1), with 80 pl toluene droping, annealed for 10
minutes at 100° C; CuSCN layer annealed at 90° C for 30 minutes.
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C d

Figure 4.15: Topological SEM images: influence of different TiO, precursor solutions on
perovskite film morphology. a) and b) images refer to a sample prepared using TTIP
solution for the ETL layer, while c) and d) images refer to a sample prepared using TiCly
solution for the ETL.

improving the device performance. Although the devices without HTL present better
results, they degraded much faster than the devices with an HTL, which is expected,
as this layer also helps protect the Perovskite layer from degradation. This means that
simply removing the HTL is not ideal.

Both conclusions that were drawn, point in one direction: the main parameter to
improve these devices lies within the Perovskite layer.

4.2.5 Solvent ratio variation and anti-solvent test

As demonstrated previously, the Perovskite layer is the main focus in obtaining fully
functional SC devices. Following the test from 4.2.2, where it was found that a mixture
of DMF:DMSO works better than pure DMF or DMSO, it was tested different ratios for
this mixture, namely 1:1, 2:1 and 1:2 ratios of DMF:DMSO, in order to understand what
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type of ratio benefits these devices the most.

Together with the solvent ratio test, an anti-solvent agent test was performed, using
toluene and chlorobenzene, as the anti-solvent droping is a critical step for good quality
perovskite film formation.

During the fabrication of these samples, immediately there was a substantial differ-

ence when using the different anti-solvents, seen with the naked eye in figure 4.16.

Figure 4.16: Film variation when using toluene(3 left samples) and chlorobenzene (3
right samples) as anti-solvent agents. Perovskite film using a 0.642 M MACI:PbI, in 1:1
DMF:DMSO solution with 80 pl droping of anti-solvent agent, deposited over c-TiO,.

Analyzing figure 4.16, it is clear that using chlorobenzene as an anti-solvent agent
produces better quality films, as the chlorobenzene samples show a darker color along
with a mirror-like effect. Although none of the samples present the grain-like features
that are desired in these films, the chlorobeneze samples show a more dense film and no
spike features as shown in figure 4.17.

Comparing the samples produced with a 2:1 DMF:DMSO solvent ratio (figure 4.18)
with the samples using the 1:1 ratio, the samples with the 2:1 solvent ratio (both with
toluene and cholorobenzene) display films of better quality when compared to the 1:1 sol-
vent ratio samples. Despite the toluene samples still presenting spike/needle structures,
the film appears to be more compact and dense when compared with the toluene sample
from the 1:1 solvent ratio (a) and b) of figure 4.17). The Perovksite film fabricated using
chlorobenzene as an anti-solvent agent shows virtually no holes on the film, despite the
fact that it is still not possible to observe the desired grain-like features.

The overall quality of the films appears to improve when the DMF fraction of the
solvent mix is increased, both with the toluene and chlorobenzene samples.

When compared to the 2:1 solvent ratio samples, the samples fabricated using a 1:2
DME:DMSO solvent ratio (4.19) seem to present lower quality films, more noticeably
when comparing the toluene samples of both ratios. Using the 1:2 ratio results in films
with more spikes on the toluene sample, and more holes on the sample with chloroben-
zene as an anti-solvent agent.

The overall result seems to point to better quality films when using a 2:1 DMF:DMSO
solvent ratio, which is in agreement with the previous work [34], where the best results
were obtained when using a ratio with more DMF than DMSO. This fact might be related
to the high viscosity and low evaporation rate of DMSO, making the production of a
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Figure 4.17: Perovskite film using a 0.642M in a 1:1 DMF:DMSO ratio precursor solution
with 80 ul of anti-solvent agent, deposited over compact TiO,. a) and b) refer to the
sample with 80 pl of toluene; c) and d) refer to the sample with 80 pl of chlorobenzene.

uniform and homogeneous film more difficult. DMSO acts as solvent, but also as a
coordination agent, through the formation of the Pbl,-MAI-DMSO complex, retarding
the rapid reaction of MAI and Pbl, during DMF evaporation stage, as it was already
mentioned. After DMF evaporation, it is desirable a fast crystallization into a crystalline
film in order to avoid humidity degradation [34], which might be delayed when there is an
agent with a low evaporation rate (DMSO) in too high quantities as in the 1:2 DMF:DMSO
solvent ratio solution.

Across the samples with different ratios, it is clear that using chlorobenzene as an
anti-solvent agent produces Perovskite films of better quality, making it the anti-solvent

of choice for the following tests.

4.2.6 Perovskite solution concentration variation

It has been reported that concentration of the Perovksite solution is a critical parameter
that influences device performance [37], and given that most likely the cause for the poor
performance of the devices in this study lies within the perovskite layer, testing difference

concentrations could help reach a better device performance.
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Figure 4.18: Perovskite film using a 0.642M in a 2:1 DMF:DMSO ratio precursor solution
with 80 ul of anti-solvent agent, deposited over compact TiO,. a) and b) refer to the
sample with 80 pl of toluene; c) and d) refer to the sample with 80 pl of chlorobenzene.

Table 4.10: Perovskite peak parameters of the diffractogram in 4.23 - Sample A2. MAPbI;
peaks at 14.08° and 28.45°; MAPbCl; peaks at 15.52° and 31.39° [24, 59].

20 (o) | Intensity (a.u.) | FWHM (o)
14.08 86180.2 0.122
15.52 28418.6 0.142
28.45 30009.2 0.181
31.39 5192.0 0.205

Three different concentrations were used for this test: 0.642 M, 0.868 M and 1.085 M.
These solutions were spin-coated on top of a compact TiO; layer using the TTIP solution,
with normal deposition and annealing parameters. For this test, chlorobenzene was used
as anti-solvent.

The influence of solution concentration is evaluated through the SEM images in fig-
ures 4.20, 4.21 and 4.22, coupled with the XRD diffractograms of figure 4.23, where the
empty rhombus marks the MAPDbClj peaks. The respective values of interest for the Per-
ovskite peaks of the XRD diffractograms of each sample can be found in tables 4.10, 4.11
and 4.12.
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Figure 4.19: Perovskite film using a 0.642 M in a 1:2 DMF:DMSO ratio precursor solution
with 80 ul of anti-solvent agent, deposited over compact TiO,. a) and b) refer to the
sample with 80 pl of toluene; c) and d) refer to the sample with 80 ul of chlorobenzene.

a b

Figure 4.20: Perovskite film using a 0.642 M in a 2:1 DMF:DMSO ratio precursor solution
with 80 ul of chlorobenzene, deposited over compact TiO,.
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a

Figure 4.21: Perovskite film using a 0.868 M in a 2:1 DMF:DMSO ratio precursor solution

with 80 ul of chlorobenzene, deposited over compact TiO,.

a

Figure 4.22: Perovskite film using a 1.085 M in a 2:1 DMF:DMSO ratio precursor solution

with 80 ul of chlorobenzene, deposited over compact TiO,.

Table 4.11: Perovskite peak parameters of the diffractogram in 4.23 - Sample K2. MAPbI;
peaks at 14.08° and 28.45°; MAPbCl; peaks at 15.52° and 31.39° [24, 59].

20 (o) | Intensity (a.u.) | FWHM (o)
14.08 81472.6 0.250
15.52 19339.7 0.253
28.45 66971.9 0.177
31.39 7917.5 0.194

Table 4.12: Perovskite peak parameters of the diffractogram in 4.23 - Sample T2. MAPbI;
peaks at 14.08° and 28.45° MAPDbCl; peaks at 15.52° and 31.39° [24, 59].

20 (o) | Intensity (a.u.) | FWHM (o)
14.08 90581.1 0.254
15.52 33948.4 0.251
28.45 80806.6 0.176
31.39 15047.3 0.188
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Figure 4.23: XRD diffractograms of samples of fabricated using 3 Perovskite solutions
with different concentrations. Peaks corresponding to the tetragonal phase of MAPbI;,
marked with full rhombus, MApBCl; peaks marked with empty rhombus, the Pbl, peak,
marked with an asterisk and also peaks regarding FTO layer marked with full circle.

Table 4.13: Pbl, peak parameters of the diffractogram in 4.23, across all 3 samples.

Sample | Intensity (a.u.) | FWHM (o)
0.642M 21610 0.159
0.868M 6141.6 0.288
1.085M 7528.3 0.292

Increasing the concentration of the solution appears to progressively produce a smoother
and more compact film, as expected. Despite the seemingly increase in film quality, as
the concentration increases no grain-like features were found.

The XRD diffractograms confirms that the produced films were indeed crystalline,
although no grain-like features were observed during SEM analysis. There is no sign of
the desired MAPDbI; — xCl, phase, only the undesirable high band-gap semiconductor
MAPbBCI; phase.

Comparing the peak values displayed in tables 4.10, 4.11 and 4.12, the MAPbI; peak
at 14.08°(110) and the MAPbClj; peak at 15.52°(100), seem to broaden as the concentra-
tion of the perovskite solution increases, possibly indicating an increase in strain [62].

As it was not possible to obtain MAPbI3;—xCl,, it is desirable to minimize the MAPbCl;
phase as much as possible, which as been correlated to solution aging [36]. The sample
fabricated using the 0.868 M solution shows a higher MAPbI3/MAPbCI; peak ratio (aprox.
19.19% MAPbCIl; phase), while also presenting a less pronounced Pbl, peak (4.13). These
two facts make the 0.868M solution, the best solution (out of the three concentrations

tested) for the production of Perovskite thin films, using a MACI:Pbl, solution.
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4.2.7 Conclusions

Although it was not possible to obtain record-breaking solar cell devices, MAClI still shows
promise as a replacement for MAI, due to its lower cost and proven ability to produce
good quality films [36] and the ability to obtain the MAPbI; Perovskite phase. The SC
devices produced using the MACI solution still had an inferior contact procedure and as
such, to some extend, this fact might have affected the device performance.

The best conditions for Perovskite film fabrication in the lab using the MACI solution
are summarized in table 4.14 . These conditions are not meant to be taken as the ideal
fabrication conditions for the setup, but as the starting point for future tests using this
Perovskite solution.

Table 4.14: Best fabrication conditions for Perovskite films, using a MACI:Pbl, solution.

Concentration(M) | DMF:DMSO ratio | Hot-Casting(oC) | Anneal parameters
0.868 2:1 90 10 minutes at 100°C

4.3 Optimization of SC devices

This section reports the efforts in optimizing the SC devices developed in the previous
work [34], which was the main objective for this master thesis. The focus is to understand
and improve device performance.

The main issue with the previously developed devices was the low current density
and low FE. These characteristics were attributed to the low bulk density of the active
Perovskite layer, combined with high series resistance and low shunt resistance.

All the SC devices fabricated from this point forth, use the Final-contact-method

procedure.

4.3.1 Concentration and Annealing time

As a starting point for the device optimization study, two solution concentrations were
tested with different annealing times, 60 and 15 minutes. The fabrication of each solution
only varied in concentration (1 M and 1.5 M), both using a 4:1 DMF:DMSO ratio as
previously reported [34]. For both cases, the solutions were stirred at 70° C for 24 hours
and deposited with the same spinning parameters (as described in 3.2 for MAI precursor
solutions). A fixed amount of 100 ul of anti-solvent agent (cholorobenzene) was used
with both solutions. Regarding annealing temperatures, for the Perovskite film deposited
from the 1 M solution, it was annealed at 100° C, while for a film produced from the 1.5
M solution, an annealing temperature of 120° C was used [34].

The motivation for testing a shorter annealing time was not only as a way to reduce

production costs and time, but mainly due to the fact that the prolonged exposure to heat
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from the hot-plate could actually, coupled with a prolonged exposure to ambient air, have
been degrading the film, which could explain the observed bulk density (figure 4.24).

- o i . ")
F7 v . [ = A
s » o " o e .
J‘." ’ . -\J;f#\' 5 e
CuSCN 2 y Wy : .
O . = ‘

88.35 nm

Figure 4.24: Cross section SEM image of full SC structure of previously developed devices.
Perovskite film using 1M solution deposited over compact TiO, [34].

c d

Figure 4.25: Perovskite films produced over compact TiO,, using different solution con-
centration and annealing time; 1 M samples: a) 15 minutes, b) 60 minutes; 1.5 M samples:

¢) 15 minutes, d) 60 minutes.

In figure 4.25 it is possible to observe the resulting films, where the samples with
a film produced with a 1 M solution exhibit a dark color with a mirror-like effect. The
samples exhibit a ring/circle mark, which is probably due the spin chuck of the spinner.
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The samples with a Perovskite film produced from a 1.5 M solution indeed show a
dark film but no mirror-like feature, actually seemingly exhibiting a rough surface. This
morphology of the films from the 1.5 M solution could be related to the deposition step,
as it was observed during fabrication, that 1.5M solution had more difficulty spreading

on the substrate (prior to spin) when compared to the 1 M solution.

c d

Figure 4.26: Perovskite films produced over compact TiO,, using 1 M solution; a) and b):
15 minutes annealing at 100° C; ¢) and d) 60 minutes annealing at 100°C.

Annealing time does not seem to affect much the films (when examined with the
naked eye), although a slight difference is noticeable when analyzing the SEM images in
figures 4.26 and 4.27, where the sample annealed for 15 minutes appears to have more
defined grain boundaries. Nevertheless, both annealing times result in a crystalline film
with visible micrometer grains, for the case of the 1 M solution samples.

Both annealing times on the samples fabricated by 1.5 M solution, show no visible
grains as was expect from what can been seen with the naked eye on figure 4.25.

From this test it is clear that the best solution concentration is 1 M, when all other
parameters are fixed. 1M Perovskite solution has been demonstrated to produce slightly
thinner films when compared to the 1.5 M solution, as expected [34].

Since no major differences were observed in the SEM images, regarding the different

annealing times, 15 minutes of annealing is the time chosen for the fabrication process,
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Figure 4.27: Perovskite films produced over compact TiO,, using 1.5 M solution; a) and
b): 15 minutes annealing at 120° C; ¢) and d) 60 minutes annealing at 120° C.

as this time reduction implies lower production costs.

4.3.2 TiO,; Mesoporous layer

As already stated, the main issue of the devices fabricated until now, is the low current
density and FF, preventing the devices from reaching higher efficiency, which has been
attributed to low bulk density. The devices also suffered from high series resistance
couple with low shunt resistance.

The incorporation of a mesoporous layer has been reported to increase device per-
formance, due to an improved interface between active layer, acting as a scaffold for
the Perovskite film and helping with the carrier transport, while also helping to reduce
hysteresis sometimes observed in these devices [41, 42].

The I-V and P-V measurements for the best devices with and without a mesoporous
layer are presented in figure 4.28 with the corresponding performance values in table
4.15.

When compared to the best device from the previous work, there is a significant

increase in device performance, where the best performing device until now had a PCE
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Figure 4.28: I-V a) and P-V b) measurements of best SC devices with and without meso-
porous layer. Perovskite films produced over compact TiO, or compact plus Mesoporous
TiO,, using 1 M solution annealed for 15 minutes at 100° C; CuSCN deposited as HTL on

top.
Table 4.15: Performance values for the samples in 4.28
SC Devices Voc(V) | Jsc(mA/cm?) | FF | Rsh(kQ) | Rs(kQ) | PCE(%)
Compact TiO, 0.812 12.77 0.201 0.53 1.36 2.09
With Mesoporous TiO, | 0.604 7.54 0.174 0.61 2.57 0.79
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Table 4.16: Perovskite peak parameters of the diffractogram in 4.30, c-TiO, sample.

Peak(o) | Intensity (a.u.) | FWHM (o)
14.03 16609.5 0.147
28.3 7140.4 0.168

Table 4.17: Perovskite peak parameters of the diffractogram in 4.30, mp-TiO, sample.

Peak(o) | Intensity (a.u.) | FWHM (o)
14.03 16302.1 0.151
28.3 7254.1 0.166

of 0.414%, versus the now obtained 2.09% PCE with these devices, with current density,

open-circuit voltage and fill-factor also reaching higher values [34].

This significant increase in performance is attributed mainly to an increase in bulk
density of the Perovskite film, as it is possible to confirm when comparing the cross-

section images in figures 4.24 and 4.29 a).

The increased bulk density is most likely related to the solution aging, as this method
has been related to crystallinity and film quality improvement in general [36]. It can also
be related to the reduced annealing time, as this reduction implies less heat exposure as
well reducing the exposure time to ambient air before HTL deposition. The improved
contact-method procedure is most likely playing a key role as well, as this was the first

batch where it was possible to measure every sample.

Although most devices present in the literature employ a mp-TiO, layer, here the
device with the mesoporous layer has a lower performance when compared with the
device without the addition of said layer. Figure 4.29 b) shows that, despite the visible
improvement of the TiO,-MAPbI; interface due to the addition of the mesoporous layer
acting as a scaffold for the Perovskite, the combined thickness of the TiO; layers (compact
and mesoporous) is substantially larger than a single c-TiO; layer. The Perovskite layer
also seems to suffer from an increased thickness when deposited on top of the mesoporous
layer of TiO,. An increase of thickness in both the TiO, layer (compact and mesoporous)
coupled with an increase of the Perovskite layer might explain the lower performance of

these devices.

The XRD diffractograms in figure 4.30 reveals for both samples the presence of (110),
(112), (202), (220), (310), (224), and (314) planes in positions 14.03°, 19.9°, 24.45°, 28.3°,
31.7°, 40.46° and 43.03°, respectively [34]. The XRD diffractograms coupled with tables
4.17 and 4.16, where the peak values for the most prominent Perovskite peaks are detailed,
show no clear difference in the films deposited on compact TiO, or with the addition of a

mesoporous layer.

Due to the higher performance of the SC composed without the addition of the meso-

porous layer, all future devices are built without this layer.
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b

Figure 4.29: Cross-Section SEM images of full SC structure without a) and with b) addi-
tion of a mesoporous TiO, layer on top of compact TiO, layer.
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Figure 4.30: XRD diffractograms of Perovskite films deposited on top of c-TiO, and mp-
TiO,;. Peaks corresponding to the tetragonal phase of MAPbI;, marked with full rhombus,
the Pbl, peak, marked with an asterisk and also peaks regarding the CuSCN and FTO
layer (marked with cardinal and full circle, respectively).

4.3.3 CuSCN as HTL

As it was already mentioned, during the fabrication of some of the SC devices, while
using the etching-method contact procedure, it was observed that the solvent for the
CuSCN solution actually had the ability of dissolving the Perovskite film and as such, it
was thought to actually degrade the film. This film degradation was thought to be one
of the causes for the low FF observed in the devices. During the spin step of the HTL
layer, the samples actually turn transparent, losing their characteristic dark color, only to
regain said characteristic during the annealing of the HTL, which is indicative of some
sort of reaction between the deposited HTL solution and the Perovskite film.

This problem has been reported by N. Ahora et al., where it was used a different
approach to the deposition step of the CuSCN HTL. This research group uses a dynamic
deposition method, that shall be referred in this document has "Drop-Cast method".

This method helps to minimize Perovskite degradation through a faster evaporation
of the solvent of the HTL solution. The faster evaporation happens when the solution is
dropped on a spinning substrate [43], as oppose to the traditional deposition procedure
where the solution is first dropped onto the substrate and then the substrate is made to
spin, as described in more detail in chapter 3.

Through the analysis of figure 4.31, where the I-V and P-V curves for the best devices
(for each condition) of the batch are displayed, using the Drop-Cast method results in a
device with overall better performance, as it can be confirmed through the values in table
4.18.
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Figure 4.31: I-V a) and P-V b) measurements of best SC devices with different deposition
methods for HTL. Perovskite films produced over compact TiO,, using 1 M solution
annealed for 15 minutes at 100° C; CuSCN deposited as HTL on top.

Table 4.18: Performance values for the samples in figure 4.31.

SC Devices Voc(V) | Jsc(mA/cm?) | FF | Rsh(kQ) [ Rs(kQ) | PCE(%)
Standart deposition | 0.488 10.50 0.197 0.53 0.8 1.01
Drop-Cast method | 0.565 13.33 0.215 0.55 0.61 1.62
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The increase in device performance, with improvement in all the performance values
(table 4.18) is attributed to a reduced Perovskite degradation, induced by the deposition
of the HTL using the Drop-Cast method. This assumption is corroborated when analyz-
ing the Cross-Section images of figure 4.32, where the HTL appears to be more easily
discerned, when comparing to the device in figure 4.29a), where the HTL although visible,
seems to have merged with the Perovskite layer.

Another effort was made to counteract the Perovskite degradation during HTL depo-
sition. Since the problem lies with the actual solvent and not the CuSCN, a new CuSCN
solution was made using aqueous ammonia as reported by N.Wijeyasinghe et al. [44].

This new solution proved unsuccessful in solving the degradation problem, in fact
elevating the problem even further as it can be seen from figure 4.33, as using this solution
removes all together the Perovskite film from the substrate. As such, no further CuSCN
was deposited using this solution.

As mentioned, this test aims to improve device performance through minimization
of the HTL-induced Perovskite degradation, hoping to increase the FF of the SC devices.
Table 4.19 reveals in fact a clear improvement when using this HTL deposition method.
Analyzing these numbers it is safe to say that the Drop-Cast method indeed reduces Per-
ovskite degradation, which in turn is translated into an overall performance enhancement

of the device.

Table 4.19: FF values taken from the batch devoted to testing Diethyl Ether as anti-solvent
agent, obtained using three samples for each sample type.

SC Devices Highest FF | Lowest FF | Average FF
Standard deposition 0.204 0.066 0.119
Drop-Cast deposition 0.270 0.126 0.183

4.3.4 Diethyl Ether as an anti-solvent agent

Much like the intent behind the previous study of a new deposition method for the HTL,
using Diethyl Ether as an anti-solvent agent serves the purpose of trying to improve the
device performance, more specifically, to increase the FF, as this is seen as the major
contributor to the optimization of these devices.

Y.Gao and coworkers, reported an increase in almost 50% FF when using Diethyl
Ether as anti-solvent agent [63].

Given this fact, it was here tested the difference between using chlorobenzene or
Diethyl Ether as anti-solvent agents.

The resulting I-V and P-V measurements for the best devices using chlorobenzene or
Diethyl Ether are present in figure 4.34 with corresponding performance values in table

4.20.

Using Diethyl Ether as the anti-solvent seems to improve all performance parameters
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b

Figure 4.32: Cross-Section SEM images of full SC structure with Drop-Cast as the deposi-
tion method for HTL a); close-up of Perovskite-HTL interface b).

Table 4.20: Performance values for the samples in figure 4.34

SC Devices Voc(V) | Jsc(mA/cm?) | FF | Rsh(kQ) [ Rs(kQ) | PCE(%)
Cholorobenzene | 0.488 10.50 0.197 0.53 0.8 1.01
Diethyl Ether 0.674 9.75 0.211 0.59 1.57 1.39
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Figure 4.33: Perovskite film after HTL deposition using Aqueous CuSCN solution.
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Figure 4.34: I-V a) and P-V b) measurements of best SC devices with different anti-solvents.
Perovskite films produced over compact TiO,, using 1 M solution annealed for 15 minutes
at 100° C; CuSCN deposited as HTL on top.
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except current density. To understand the reason behind this improvement, XRD mea-
surements were performed on two different samples using these two anti-solvent agents.
Figure 4.35 coupled with the corresponding peak parameters in tables 4.21 and 4.22,
make it clear that using Diethyl Ether results in better quality of the Perovskite films,
most likely due to its increased ability to dissolve water (1.5% for diethyl-ether vs 0.04%
in chlorobenzene)[64].

Once again, using the new anti-solvent agent had the specific purpose of tackling the
low FF of the devices. Analyzing the numbers in table 4.23, becomes clear that using this
anti-solvent brings benefits regarding the FF parameter of these devices, as intended and

expected.
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Figure 4.35: XRD diffractograms of Perovskite films deposited with different anti-solvent
agents. Peaks corresponding to the tetragonal phase of MAPbI3, marked with full rhom-
bus, the Pbl, peak, marked with an asterisk and also peaks regarding the CuSCN and
FTO layer (marked with cardinal and full circle, respectively).

Table 4.21: Perovskite peak parameters of the diffractogram in 4.35, chlorobenzene sam-
ple.

Peak(o) | Intensity (a.u.) | FWHM (o)
14.03 12216.7 0.154
28.3 5189.3 0.170

Table 4.22: Perovskite peak parameters of the diffractogram in 4.35, Diethyl Ether sample.

Peak(o) | Intensity (a.u.) | FWHM (o)
14.03 14443.5 0.136
28.3 5551.3 0.164
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Table 4.23: FF values taken from the batch devoted to testing the Drop-Cast deposition
method, obtained using three samples for each sample type.

SC Devices Highest FF | Lowest FF | Average FF
Chlorobenzene 0.204 0.066 0.119
Diethyl Ether 0.220 0.097 0.160

4.3.5 Improving Fill Factor

As already stated previously, the low FF was the main issue to tackle in these devices. The
previous two studies, both proved effective in increasing the FF of the devices while also
improving the overall performance.

Separately, both Drop-Cast deposition method and the new anti-solvent agent (Diethyl
Ether), when compared with the "standard"device, presented better results, so it was only
natural to fabricate a device using both, in order to achieve the highest performance
possible.

As can be seen from the I-V and P-V measurements of figure 4.36 coupled with the
performance values of table 4.24, the device using both the Drop-Cast deposition method
and Diethyl Ehter as anti-solvent agent, is the best performing device to date.

For this batch it was also tested anti-solvent dropping in the early seconds of spin,
with unsuccessful results. This is most likely due to the fact that the first step of the spin
acts mostly as a "film spreader”, uniformly spreading the film on the entire substrate,
and as such, it is a low rpm step, meaning most of the solvents are still present. Adding
another liquid, disrupts the flow of the Perovskite solution on the substrate causing
it to "leave"the substrate prior to the solute deposition. The substrates (prior to gold
contact deposition) are represented in figure 4.37, where the difference in film due to
different anti-solvent agents and different dropping times can be observed. To note is the
fact that, although the anti-solvent Diethyl Ether appears to produce better performing
devices, a clear difficulty in obtaining uniform and smooth films was observed during the
fabrication. This increased difficulty, when comparing with chlorobenzene, is most likely
related with its vapor pressure and viscosity [65, 66]. In figure 4.38 it is depicted a full
SC resulting from this batch.

Table 4.24: Performance values for the samples in figure 4.36

SC Devices Voc(V) | Jsc(mA/cm?) | FF | Rsh(kQ) | Rs(kQ) | PCE(%)
Cholorobenzene 0.682 13.59 0.271 0.99 0.56 2.51
D-Ether - at 5 seconds 0.142 2.61 0.109 0.35 1.40 0.04
D-Ether - last 10 seconds | 0.701 15.11 0.250 0.68 0.55 2.65

4.3.6 Humidity Influence on device performance

There seems to be a discrepancy between batches that share the same, or very similar de-

vices. The only parameter that was not controlled inside the laboratory was the humidity
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Figure 4.36: I-V a) and P-V b) measurements of best SC devices with different anti-solvents.
Perovskite films produced over compact TiO,, using 1 M solution annealed for 15 minutes
at 100° C; CuSCN deposited as HTL on top using Drop-Cast method.
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Figure 4.37: Substrates prior to gold contact deposition. 1st row: with Chlorobenzene
in last 10 seconds; 2nd row: with Diethyl Ether in first 5 seconds; 3rd row: with Diethyl
Ether in last 10 seconds. The Kapton masks (yellow stripes on the top and bottom of each
substrate) are removed before the gold deposition step.

Figure 4.38: Full Solar Cell device, prior to I-V and P-V measurements.

level. Coincidentally, the best performing devices during this Optimization study (2.09%
and 2.65% PCE) were fabricated on the days with the lowest registered humidity levels,
47% and 44%, respectively (blue circles in figure 4.39).

It has been reported previously that Perovskite films, plus air and humidity exposure
is an ideal combination, mainly due to the MAI hydrophilicity [28, 67]. J.Troughton et
al. reported an average of 4% and 6% PCE for very similar devices fabricated in a 50%
humidity level environment, using chlorobenzene and diethyl ether as anti-solvent agents,
respectively [64].

Although a significant improvement, regarding the devices from the previous work
[34], has been achieved, considering the average humidity level for the duration of this

work, the already obtained results and the consequent discrepancies between the same
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or very similar samples (only fabricated in different days) make more sense when the

humidity factor is taken into account.

T ¥ T e ) : 1 : 1 L T

75 | Humidity level .
- | Avg Humidity : 58.33%
X
< 70t -
[} A
®
= 65F N
=}
o
[
B 60 \ T
g) B \/\I
1
> 55 |- -
:-§ L
E sof -
I

45 - -

40 1 " 1 " 1 " 1 " 1 " 1

2 4 6 8 10 12
Perovskite Fabrication days (a.u.)

Figure 4.39: Humidity levels on Perovskite film fabrication days.

In order to minimize the humidity factor, it was tested annealing the Perovskite film
on a desiccator, as opposed to the traditional hot-plate.

The obtained XRD diffractograms of the samples annealed in a hot-plate or on a
desiccator, are represented in figure 4.40.

Table 4.25: Perovskite peak parameters of the diffractogram in 4.40, hot-plate sample.

Peak(o) | Intensity (a.u.) | FWHM (o)
14.03 22641.3 0.138
28.3 9117.9 0.160

Table 4.26: Perovskite peak parameters of the diffractogram in 4.40, desiccator sample.

Peak(o) | Intensity (a.u.) | FWHM (o)
14.03 492441 0.134
28.3 20746.1 0.153

Although the devices are still exposed to ambient conditions prior to the annealing
step (after leaving the spinner), and before the HTL deposition step, using the desiccator
for annealing the Perovskite films has an advantage over the traditional hot-plate anneal-
ing in regards to film quality, improving it substantially, as confirmed from the values of
tables 4.25 and 4.26.

Considering this results, a new batch of SC devices was made in order to confirm the

humidity influence. The resulting I-V and P-V measurements are represented in figure
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Figure 4.40: XRD diffractograms of Perovskite films annealed in hot-plate and desiccator.
Peaks corresponding to the tetragonal phase of MAPbI;, marked with full rhombus, the
PbI, peak, marked with an asterisk and also peaks regarding the CuSCN and FTO layer
(marked with cardinal and full circle, respectively).

4.41, with the corresponding performance values for each device in table 4.27. Coupled
with the different annealing setups, a new anti-solvent agent was tested (Ethyl acetate),
as this as been reported to help produce good performing devices under high humidity
environments, which has been attributed to its increased ability to dissolve water (3.3%),
which is more than twice as much for diethyl ether (1.5%) [64].

Table 4.27: Performance values for the samples in figure 4.41

SC Devices Voc(V) | Jsc(mA/cm?) | FF | Rsh(kQ) | Rs(kQ) | PCE(%)
D-Ether in hot-plate | 0.561 9.94 0.144 0.44 1.33 0.805
D-Ether in desiccator | 0.685 6.24 0.234 1.08 1.95 1.001
E-acetate in hot-plate | 0.729 8.31 0.175 0.77 2.14 1.058

The results from figure 4.41 show a noticeable difference in device performance,
corroborating the previous assumption that the humidity level during the fabrication
process of the Perovskite films, actually plays a key role in film quality, and by extent,
device performance. This batch was fabricated on a especially high humidity level of
71%, which is most likely the cause for the lower performance obtained, when compared
with previous devices.

Comparing the devices with Perovskite films annealed in different setups, although
the device with the Perovskite film annealed in the hot-plate presents higher current
density, the device that was submitted to a Perovskite annealing on a desiccator shows

better overall performance, indicating that it was possible to reduce humidity degradation
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Figure 4.41: I-V a) and P-V b) measurements of best SC devices annealing in different
setups and with different anti-solvents. Perovskite films produced over compact TiO,,
using 1 M solution annealed for 15 minutes at 100° C; CuSCN deposited as HTL on top
using Drop-Cast method.
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during the crystallization of the Perovskite film, which in turn results in better quality
films and devices.

As already mentioned, as well as devices with different annealing setups, it was also
tested a different anti-solvent agent during the fabrication of the Perovskite films. This
device actually surpasses, if only by a small amount, the device with the Perovskite film
annealed in a desiccator. These results indicate that the use of Ethyl Acetate versus
Diethyl Ether results in reduced interaction with humidity. The reduced humidity degra-
dation stems from the higher ability of Ethyl Acetate to dissolve water, meaning that upon
deposition of this agent, during the spinning step, humidity within the proximity of the
substrate will mix with this agent, instead of reacting with the intermediate complex
(PbI,-MAI-DMSO) of the Perovskite film.

To help corroborate these results, XRD measurements were performed on each sample
type and are visible in figure 4.42, with the corresponding values of interest in tables
4.28, 4.29 and 4.30.
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Figure 4.42: XRD diffractograms of Perovskite films annealed in hot-plate (with Diethyl
Ether or Ethyl Acetate) and in a desiccator. Peaks corresponding to the tetragonal phase
of MAPbI;, marked with full rhombus, the Pbl, peak, marked with an asterisk and
also peaks regarding the CuSCN and FTO layer (marked with cardinal and full circle,
respectively).

Table 4.28: Perovskite peak parameters of the diffractogram in 4.42, hot-plate sample
with Diethyl Ether.

Peak(o) | Intensity (a.u.) | FWHM (o)
14.03 9825.9 0.157
28.3 4799.9 0.171
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Table 4.29: Perovskite peak parameters of the diffractogram in 4.42, desiccator sample.

Peak(o) | Intensity (a.u.) | FWHM (o)
14.03 12662.5 0.153
28.3 6854.8 0.169

Table 4.30: Perovskite peak parameters of the diffractogram in 4.42, hot-plate sample
with Ethyl acetate.

Peak(o) | Intensity (a.u.) | FWHM (o)
14.03 9104.6 0.157
28.3 4454.7 0.186

The XRD diffractograms demonstrates that the device with a Perovskite film annealed
on a desiccator, possesses improved film quality, as this sample shows the higher and more
narrow peaks of the three samples. The sample with the Perovskite film fabricated using
Diethyl Ether as anti-solvent agent and annealed in the hot-plate exhibits a considerably
high Pbl, peak, indicating a higher degree of organic degradation when compared with
the other samples.

These XRD results also point towards the fact that indeed fabrication environment,
more specifically humidity levels, play a fundamental role in Perovskite films quality and

SC device performance.

4.3.7 Conclusions

The results presented in this section demonstrated a significant improvement regarding
device performance, which is attributed to the higher bulk densities and quality of the
Perovskite layer. This enhancement is most likely due to the aging of the precursor
solution, coupled with lower annealing time.

These results also demonstrate the sensitivity of the fabrication process, especially for
the Perovskite film, demonstrating the challenges regarding good film quality and device
performance.

The improved contact procedure also played a key role in the optimization of these
devices, as demonstrated by the ability to measure every sample in a batch, as oppose to
what had been happening with previous batches.

In this section it is possible to understand that HTL deposition, even though it has
been improved slightly, still holds demands, when using this specific material (CuSCN).

One of the key goals to achieve is low fabrication cost, meaning that fabrication of
good devices must be possible out of high vacuum and extremely controlled fabrication
sites. Therefore, fabrication conditions were also evaluated, namely the humidity level,
and it was proven to have been affecting device performance, as is expected on more
less controlled fabrication environments. Despite this proven humidity influence, it was

still possible to obtain higher performance with the devices, giving more hope for future
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studies.
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CHAPTER

CoNCLUSIONS AND FUTURE WORK

As previously mentioned, one of the main goals for this work, was to keep fabrication costs
as low as possible, since low fabrication cost is a critical step to achieve when considering
such devices for future commercialization. In this regard, a possible substitute for MAI
was investigated, MACI, which is considerably cheaper. Various fabrication parameters
were tested, focusing mostly on solvent-engineering, and the best fabrication parameters,
within the tested parameters, are present in 4.2.7. Although it has been reported that
using solution-processed techniques with a precursor solution using MACI can produce
good quality films with good device efficiency [31, 36], the same cannot be reported in the
present document. Despite that, MACI should not be dismissed as a replacement for MAI
in Perovskite precursor solutions, as it was proven that using this material, it is possible to
obtain the MAPDI; phase, as confirmed from the XRD diffractogram. Using the reported
best fabrication parameters as a starting point, further tests should be conducted in order
to find, under the same experimental setup, the best parameters for the fabrication of

Perovskite thin films and SC’s, using this solution.

The main objective for this work was to improve the solar devices fabricated until this
stage using the same fabrication setup, meaning: low-cost fabrication techniques under

"uncontrolled"ambient conditions.

One the major steps of device optimization was related to the gold contacts, as the
previous contact method was thought to be damaging device performance. As demon-
strated, the contact procedure greatly influenced device performance. The solution that
was found (after testing different methods), tackles the main issue of the contacts, which
is the fact that damage to the solar device is possible due to the measuring tips during
electrical characterization. It can be said that the final version of the contact procedure
was the correct one, as no noticeable film damage is observed (as with other reported pro-

cedures), and using this contact procedure, to my understanding, resulted in the ability
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to measure all samples of a batch, which never happened until that point.

A major issue, that was reported as playing a big role in the low performance of
devices fabricated until this stage, was the low bulk density of the Perovskite layer, which
could have diminishing light absorption, increase charge recombination and allow direct
contact between HTL and ETL [34]. The resulting devices presented very low FF and
current densities 4.24.

Solution aging and reduced annealing time (so as to also reduce ambient air exposure
time) proved extremely effective in increasing the bulk density of the Perovskite layer,
achieving bulk concentrations above 95% (value estimated based on the cross-section
images obtained).

The low FF, high series resistance, and low-shunt resistance was thought to also stem
from bad layer interfaces and efforts were made to improve this specific problem.

Using a mesoporous layer to act as scaffold for the Perovskite film is reported to
improve the ETL-Perovskite interface. Although most devices in the literature possess
mesoscopic structure, the addition of a mesoporous layer actually yielded devices with
lower performance, which was attributed to the increased thin film thickness (in both ETL
and Perovskite layer). Considering this, the ultra thin compact layer of TiO, hybridized
with mesoporous TiO,, reported by I. Jeong et al., should be considered as a possible ETL
in future devices, as it reportedly produces a TiO, blocking layer under 5 nanometers in
thickness [42].

Perovskite thin film quality is, unquestionably, a critical goal for good performing SC
devices. In this department, during fabrication of some of the devices, it was observed
that the HTL precursor solution was damaging the Perovskite film. To reduce Perovskite
degradation via HTL deposition, a different deposition method, reported by N. Arora et
al., here designated as Drop-Cast method, was used with success, as confirmed by the
cross-section images and increased device performance (figures 4.31 and 4.32). To my
understanding, this method although improving, it does not counteract the degradation
completely, which is why further research should be dedicated in order to completely min-
imize this HTL-deposition induced degradation. Inverting the device structure could be a
possible way to deal with HTL-induce degradation, but a new ETL with low-temperature
processing needs, is essential for an inverted device architecture.

Coincidentally, the TiO, high temperature needs are the main reason why this device
was not tested on a flexible substrate. Solving this issue would allow this device to be
fabricated onto a flexible substrate, as all other layers do not require high processing
temperatures.

As an effort to further increase device efficiency by increasing the Fill-Factor, another
anti-solvent agent was tested, yielding successful results, attributed to increased film
quality. That was also the time it was first thought, that the humidity level could have
been affecting device performance, by tampering with the Perovskite’s film quality.

Due to the discrepancy of performance between batches on very similar and some-

times identical devices, and the fact that the best performing devices were fabricated
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on the lowest registered humidity days, the humidity influence was tested and indeed
confirmed to tamper the quality of the Perovskite film.

Considering the hydrophilic nature of the organic component of Perovskite, further
research should be conducted to reduce humidity degradation during Perovskite film
deposition and annealing, without resorting to high vacuum environments and other
rather expensive/non-practical methods.

In the future, it should be considered the removal of the "human factor", at least during
Perovskite film deposition, as it was observed that film formation and quality are highly
influenced by the anti-solvent deposition step, in terms of dispensed volume, timing,
distance to substrate, and relative position to the center of the substrate, portraying this as
an extremely sensitive procedure that should be optimized with the help of engineering.

Overall, the device optimization can be considered a success, as the top reported PCE
in the previous work was 0.4% [34], which has now been increased to 2.65%, more than
six times the previous efficiency, presenting a current density of 15.11 mA/cm? and a V.
of 0.701 (as confirmed with figure 4.36 and table 4.24). The fabrication conditions for
the Perovskite layer of the best device are summarized in tables 5.1 and 5.2. The HTL
deposition was made using the Drop-Cast method already mentioned.

Although these fabrication conditions yielded the best performing device during this
work, it is believed that the use of Ethyl acetate as anti-solvent can further improve
device performance, as it demonstrated superior ability to reduce humidity induced
Perovskite degradation, during film fabrication. Using the TiCl, precursor solution for

ETL deposition, might also add benefits to the device fabrication.

Table 5.1: Fabrication parameters for the Perovskite solution used for the best performing
device.

Concentration | Solvent ratio (DMF:DMSO) | Stir Temperature | Stir Time
1M 4:1 70° 24 hours

Table 5.2: Deposition parameters for the Perovskite layer used for the best performing
device.

Dispersed . 2 stage Anti-Solvent D{sp'erse Annealing
volume spin parameters timing parameters
1000 rpm - 10 seconds | Diethyl Ether 100° C for

120ul 6000 rpm - 20 seconds 100pl After 20 seconds 15 minutes
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APPENDIX

SOLAR CELL PERFORMANCE

This appendix serves the purpose of understanding the procedure necessary to evaluate
Solar Cell performance. Figure A.1 represents a very ideal I-V and P-V curves for a Solar

device, together with the importance parameters to determine device performance.

A I-V curve 1

Isc . — Pmax
MP Frmmmmemmmmmmmcemecmeceem e et :

- Pmp” i

o : 3

5 : S

O P-V curve ;

Vmp Voc
Voltage

Figure A.1: Typical I-V and P-V measures of a solar device, with respective important
parameters. [SC-curve]

To determine device performance, obtaining some parameters is needed to reach a
universally accepted way of understanding device performance. The SC performance can
be translated in a single number called PCE (Power Conversion Efficiency). To reach a
PCE number however, some parameters are needed, as illustrated in figure A.1 and are

as follows:

* Isc: Short-circuit current. Corresponds to the current measured at null voltage;
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* Voc: Open-circuit voltage. Corresponds to the voltage measured at null current;

* FF: Fill-Factor. Represents the proximity of the measured I-V curve to the theoreti-

cal perfect I-V curve (square) and is obtained through equation A.1;

* Imp: Maximum Power current. Obtained via crossing the Vmp with the measured

I-V curve, as illustrated in figure A.1;

* Vmp Maximum Power voltage. Obtained at the P-V maximum, as illustrated by
figure A.1;

* Rs and Rsh: Series and Shunt resistance, respectively. Obtained by inverting the I-V

slope on specific regions, demonstrated in A.1;

* Pmax: Maximum generated Power. Can be obtained by finding the maximum on

P-V curve or by equation A.2;

* PCE: Power Conversion Efficiency. Is obtained with equation A.3 and is represented

in percentage.

I
FF = Imp x Vmp (A.1)
Iscx Voc
Pmax = Imp x Vmp (A.2)
Pmax
PCE = 100 A3
Plight (A.3)

Typically, most of the parameters are provided by the software analyzing the device.
In this case, all the parameters were provided by software with the exception of the Pj;gy;,
which is device dependent, and was calculated accordingly for each device.

Figure A.2 demonstrates the influence that the two types of resistance can have on
device performance, mainly influencing the Fill-Factor of the device.

Ideally, Shunt resistance should be as high as possible, to avoid providing an alterna-
tive path to the current, while Series resistance should be as low as possible resulting in
minimized pre-load voltage drop [68]. These resistance have also the ability to affect Voc

and Jsc, if their numbers are too far from the ideal ones.
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Decreasing Rsy
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Figure A.2: Specific influence of series(Rs) and shunt resistance(Rsh), on I-V measure-
ments of Solar Cell devices [68].
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APPENDIX

MATERIALS AND SOLUTION PREPARATION

Table B.1: List of reagents used throughout this work

Materials Abreviation | Purity(%) | CAS number Company
Absolute Ethanol EtOH 99.99 64-17-5 Fisher Chemical
Aqueous Ammonia - 25 1336-21-6 Merck
Chlorobenzene - 99 180-90-7 SIGMA ALDRICH
Colloidal TiO,
Paste (22 nm) - - - SIGMA ALDRICH
Copper(I) Thiocyanate CuSCN 96 1111-67-7 Alfa Aesar
Di-n-propyl Sulfide - 98 111-47-7 Alfa Aesar
Diethyl Ether - 99.7 60-29-7 MERCK
Dimethylformamide DMF 99.8 68-12-2 Panreac
Dimethyl Sulfoxide DMSO 99.9 67-68-5 Fisher Chemical
Hidrochloric Acid HCl 37 7647-01-0 | SIGMA ALDRICH
Lead Iodide Pbl, 99 10101-36-0 | SIGMA ALDRICH
Meth(y:flr;f;oem“m MACI 99 539-51-1 Acros Organic
Methylammonium
. MAI 98 14965-49-2 | SIGMA ALDRICH
Iodide
Titanium (V) TTIP 97 546-68-9 | SIGMA ALDRICH
Isopropoxide
Titanium(IV) Chloride TiCly 99.9 7550-45-0 Acros Organic
Toluene - 99 108-88-3 Merck
Zinc powder - - 9029-97-4 | José M.Vaz Pereira
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ETL Solution Preparation

Compact TTIP compact solution

* Add 180 pl of TTIP to 1.25 ml of absolute ethanol - solution 1;

* Add 18 pl of HCL to 1.25 ml of absolute ethanol - solution 2;

* Add solution 2 to solution 1, , while solution 1 stirs at ambient temperature;
e Stir for 15-20 minutes.

Compact TiCl, solution: Add 440 ul of ice-cooled TiCly to 2 ml of ice-cooled DI
water. Leave to stir for at least one hour at room temperature.
Mesoporous TiO, solution: Add 150 mg of TiO, paste to 1 ml of absolute ethanol.

Leave to stir for 20 minutes at room temperature.

Perovskite Solution Preparation

MACI Perovskite solution

* Add amount of Pbl, and MACI powders, according to the desired concentration to
use (table B.2);

* Add corresponding solvents: pure DMF, pure DMSO, mix of DMF:DMSO, according

to the desired solution;
e Seal container and leave to stir at 70° C for 24 hours.
MAI Perovskite solution

* Add amount of Pbl, and MAI powders, according to the desired concentration to
use (table B.3);

* Add corresponding solvents: pure DMF, pure DMSO, mix of DMF:DMSO, according
to the desired solution;

e Seal container and leave to stir at 70° C for 24 hours.

HTL Solution Preparation

Aqueous CuSCN solution
* Add 15 mg CuSCN to 1 ml of aqueous ammonia;
* Stir for one hour at 50° C;

* Stir over night at room temperature.
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Table B.2: Reagent molarity for the different MACL precursor solution used in this work -
quantities for 1 ml solutions.

Desired concentration | Pbl, (mmol) | MACl(mmol)
0.217M 0.217 0.217
0.434M 0.434 0.434
0.642M 0.642 0.642
0.868M 0.868 0.868
1.085M 1.085 1.085

Table B.3: Reagent molarity for the different MAI precursor solution used in this work -
quantities for 1 ml solutions.

Desired concentration | Pbl, (mmol) | MAI(mmol)
1M 1 1
1.5M 1.5 1.5

CuSCN Di-n-propyl sulfide solution
* Add 15 mg of CuSCN to 1 ml of di-n-propyl sulfide;

e Stir at room temperature for at least 48 hours.

85






APPENDIX

OprTiCcAL ANALYSIS
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Figure C.1: Relation between number of depositions and thickness of c-TiO, layer; Thick-

ness estimation done by fitting experimental curves with simulated ones using TMM
method software.
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Figure C.2: Transmission of FTO coated glass, with the addition of either ¢c-TiO, using
TTIP solution or ¢-TiO; using TiCl, solution.
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Figure C.3: Transmission of CuSCN layer deposited on glass of four different samples,
using the same fabrication conditions, showing the reproducibility of the coating method.
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Figure C.4: Influence of CuSCN deposition on Absorbance spectra of Perovskite layer.
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