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Abstract

Solar energy is the most abundant renewable resource and is regarded as the most promising for the
sustainability of our society. Perovskites are a class of semiconductor materials with unique properties
since they allow films fabrication with high electronic quality using non-vacuum solution techniques.
Therefore, such materials are interesting for a wide range of opto-electronic applications. Perovskites
allow rapid, simple and low-cost solar cell manufacturing, being nowadays considered the most
promising material to compete with silicon in photovoltaics technology. However, the production of
homogeneous MAPDbIs films by Spin Coating is challenging, as it requires precise control of several
factors that influence the films' properties. In this work, the influence of the main deposition
parameters on the MAPbIs thin films manufacture was studied to find the best processing conditions
that enable obtaining films as homogeneous and uniform as possible. This allowed attaining MAPbIz
polycrystalline films with state-of-art quality, having grain sizes between 3 and 13 um and UV-Visible
absorption of 85-90 %. The remaining layers (i.e. selective contacts) of the Perovskite cell structure
were investigated as well, allowing the fabrication of sets of full solar cells with a maximum Voc of 0.77
V and Jsc of 7.65 mA.cm-2.

Keywords: Photovoltaics, Perovskite Solar Cells, Spin Coating, Polycrystalline Thin Films, Selective
Contacts
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Resumo

A energia solar é o recurso renovavel mais abundante e é considerada a mais promissora para a
sustentabilidade da sociedade. As perovskites sdo uma classe de materiais semicondutores com
propriedades Unicas que permitem o fabrico de filmes com alta qualidade eletrénica usando técnicas
por solugdo sem necessidade de vacuo. Assim, tais materiais sdo interessantes para uma vasta
gama de aplicagGes optoelectrénicas. Perovskites permitem também uma fabricacdo rapida, muito
simples e de baixo custo, de células solares, sendo, hoje em dia, considerado o material mais
promissor a competir com a tecnologia do silicio. Contudo, a produgdo de filmes homogéneos de
MAPDbIs, por Spin Coating, € um desafio, exigindo um controlo preciso dos fatores que influenciam a
sua morfologia. Neste trabalho foi estudada a influencia de varios passos inerentes a deposicédo
filmes finos de MAPDIs, a fim de encontrar as melhores condi¢Ges de processamento que permitem a
obtencao de filmes o mais homogéneos e uniformes possivel. Foram obtidos filmes finos de MAPbIs
com qualidade semelhante a literatura, com obtencdo de tamanho de gréos entre os 3 e 0s 13 um e
absorgdes médias de = 85-90 % na regido do visivel. Foram também estudas as camadas seletivas
da estrutura das células solares que permitiram a fabricacéo de conjuntos das mesmas com obtencao
de um Voc maximos de 0,770 V e um Jsc de 7,65 mA.cm2,

Palavras-chave: Fotovoltaico, Células Solares de Perovskite, Spin Coating, Filmes Finos
Policristalinos, Contactos Seletivos
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Motivation and Objectives

There are many types of energy sources available for use in a wide range of applications.
However, most of them are difficult to obtain involving harmful processes to the environment, i.e. are
non-renewable energies and very pollutant.

Research on renewable energy fields has been growing, targeting both innovative ways of
collecting and transforming the available energies and new ways to increase energy efficiency, thus
requiring a detailed study in the materials science field. Among the set of renewable energies, solar
energy has a great potential because the surface of the Earth receives in one hour the total amount of
energy consumed by all human activities in a year. Therefore, the use of this type of energy can be
not only enough for human demands, but can also allow reducing substantially the CO2 ambient
emissions. [1, 2] Besides, sunlight is one of the main and most abundant clean energy sources and
one of the most searched.

Nevertheless, the generation of solar electricity via photovoltaic (PV) technology requires a
huge breakthrough concerning the development of new materials and techniques, with the purpose of
increasing efficiency and yield combined with low-cost, simplicity and speed fabrication factors. Silicon
is currently the material mostly used in solar cells fabrication. However, this material implies a huge
amount of costs, starting from its extraction and treatment to the solar cells fabrication itself. In this
way, Perovskite solar cells (PSC) became a promising alternative since they have unique properties
and the ability to be processed by a wide range of fabrication techniques that do not need high
vacuum systems or high temperature. Therefore, Perovskite-based PV enables simple, fast and low-
cost solar cells fabrication.

This work aims mostly to study the influence of different spin coating fabrication steps, as is the
Perovskite precursor solution concentration, annealing temperature, amount of non-coordination
solvents, the type of substrate and substrate pre-heating temperature, and solvent (DMF:DMSO, N,N-
dimethylformamide: Dimethyl Sulfoxide) ratio on perovskite thin films morphology, to reach the best
conditions for solar cells performance. Besides optimizing the Perovskite film, we also developed the
other layers of the cell structures, namely the selective contacts to improve charge collection.

Work strategy

The realization of this work was divided in three main phases:

1. ETL (Electron Transport Layer) and HTL (Hole Transport Layer) fabrication and optimization,
using the conventional solutions and studying the thickness influence on the transmittance
spectrum, by varying the rotation speed of the spinner and the number of depositions. To
study the crystallinity, XRD measurements were performed.

2. Optimization of the perovskite layer, studying the influence of the perovskite solution
concentration, annealing temperature, amount of  non-coordination  solvents
(chlorobenzene/toluene), the type of substrate, deposition solution/substrate temperature and
DMF:DMSO ratio on morphology and grains size. SEM images, XRD and absorbance spectra
analysis were performed.

3. Solar cells fabrication and characterization, where acetate masks were fabricated, via laser
cut, to deposit the contacts and fabricate complete solar cell structures. Using a Sun
Simulator, the photovoltaic response was characterized and the main solar cells parameters
were calculated. UV-Vis spectroscopy, SEM and EDS were performed to characterize the full
cell structure morphology and composition, while the layer thicknesses were measured by
cross section SEM images.
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Chapter I: Introduction

1. Solar Cells: Materials and Operation

Solar energy is one of the main and most abundant clean energy sources, which also has the
least impact on the environment, deserving a special dedication. Solar to electrical energy conversion
is a phenomenon denominated photovoltaic effect, which was discovered by Alexandre Becquerel and
later explained by the Einstein photoelectric effect. [3]

Solar cells are the basic unit of the solar energy conversion devices and their operation is based
on the photovoltaic effect. Generally, solar to electric energy conversion in solar cells occurs in three
main steps, as illustrated by Figure 1: sunlight absorption, with electron-hole pairs formation, if Epn 2
Eg, electron-hole pairs separation into free electric charges and, finally, the free charges derive to the
positive and negative contacts (negative charge to the negative contact and positive charge to the
positive contact), through which they access the external circuit.

Sunlight

Positive Contact ——
HTL —

LA | =+
PP QQQ | =

Active Layer ——»

Figure 1: Basic solar cell operation principle representation.

The efficiency with which all these events occur depends mainly on the materials choice and its
features as the band gap, absorption coefficient, carrier mobility, photosensitivity, etc. In addition, for
thin film technology is important to achieve high uniformities, homogeneities and very good interfaces
to minimize the losses mechanisms, especially by recombination. The combination of these features
influences the solar cells performance which can be characterized by: Isc and Imp (short-circuit current
and current at maximum power point), Voc and Vmp (Open-circuit Voltage and Voltage at maximum
power point), FF (Fill Factor), Pmax (maximum Power), n (efficiency), Rs (series Resistance) and Rp
(parallel Resistance). All of these parameters can be calculated through the solar cells IV curve using
the equations presented in section 1 of Appendices.

In this way, for a material to be applied on solar cells technology, it must have adequate
semiconductor properties as high photosensitivity, high absorption coefficient, ability to transport
electrons and holes and, especially a band gap as close as possible to the ideal 1.34 eV, in case of
single junction solar cells, for a maximum energy conversion of 33.7 % (Shockley-Queisser limit).[4]
Besides that, it is advantageous to allow fast and easy fabrication, at low costs and low temperatures.
However, some of these specifications are very dependent on the final application.

Thin-film solar cells are made from a large variety of semiconductors including amorphous and
polycrystalline Si, GaAs, CdTe and CulnSe2, as well as organic semiconductors. [5] However, many of
these materials are too toxic (e.g. CdTe), too expensive (e.g. GaAs), rare and do not allow low costs
and low temperatures solar cells fabrication. Thus, inorganic—organic lead halide perovskite materials
appear particularly promising for single junction solar cells technologies replacement.
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2. Perovskite Solar Cells

Perovskite is a class of semiconductor materials with unique properties as tunable bandgap,
high absorption coefficient, high absorption over visible spectrum, ambipolar charge transport with
high carrier mobility and long charge diffusion lengths, which make it a promising material for
photovoltaic and optoelectronic applications. [6-10] The crystal structure has a generic ABXs formula,
illustrated by Figure 2, where A is an organic or inorganic (or a mix of both) cation (methylammonium
(MA - CH3NHz*); formamidinium (FA - CHz(NH2)2%); cesium (Cs™)) is selected to balance total charge,
B is a divalent metal or a mix of divalent metals (Pb?*; Sn?*; Ge?*), and X an anion (CI; Br; I') or a
combination of anions, which can crystalize into cubic, tetragonal and orthorhombic phase depending
on the annealing temperature. [6, 8], [10-13]

oA
@B

® X

Figure 2: Crystal structure of cubic metal halide perovskites with the generic chemical formula ABXa. [14]

This semiconductor material works as a PV active layer, being able to convert sunlight into
electric current and transport electron and hole carriers with different efficiencies depending on its
composition. As already extensively studied, a composition change on perovskite structure regarding
anions and/or cations allows, depending also on stoichiometry, different optical, electrical and
structural properties, as different band gaps, crystalline orientation, morphologies and uniformities,
grain sizes, and even better humidity stabilities, due to different anion-cation interaction which lead to
changes in crystallographic arrangements. [6, 10, 15]

Perovskite thin films can be processed using a large range of techniques as one and two-step
spin coating, chemical vapor deposition, inkjet printing, dip coating, thermal evaporation, spray
pyrolysis, atomic layer deposition, blade-coating, among others, and even a mix of techniques. [6, 7,
9], [16 — 23] However, the high lead toxicity and the perovskite instability to moisture and UV radiation
are the main issues of these semiconductors. Despite these significant disadvantages, Perovskite PV
appears to be promising for a new solar cells generation, since high efficiency (> 20 %) and large-
scale production is possible at low temperatures, high fabrication rates and particularly at very low
costs.

2.1. Influence of different factors on perovskite films thickness, morphology and
crystallization

In thin films technology, high morphological uniformities, high crystallinity levels and high overall
surface coverages are essential conditions for good solar cell performance. In this way, many efforts
were made to enhance and optimize these factors, especially for the spin coating method, and
suggestions were hypothesized in order to better understand the perovskite behavior and reach the
best processing conditions.

Giles E. Esperon et al. was a pioneer, studying distinct factors affecting perovskite thin film
coverages and morphologies and their influence on the solar cells performance. In his study, it was
observed lower coverages as the annealing temperature and time increases, by formation of large
perovskite islands over a compact TiO:2 layer. Besides these factors, it was also observed a film
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coverage enhancement with initial higher perovskite thicknesses and with higher compact TiO2
thicknesses, still without efficiency improvement due to the increase in series resistance(thus, charge
collection decrease).[9] The same observation was made by Amalie Dualeh et al. regarding the
annealing temperature, for perovskite thin films over mesoporous TiO2, and it was hypothesized a
crystal growth from a large number of nucleation sites with consequent smaller island formation, for
lower annealing temperatures. Despite the morphological analysis, they also performed XRD
measurements in which was observed incomplete crystallizations, regardless of annealing time, for
temperatures below 80 °C and perovskite properties degradation for temperatures above 120 °C with
the appearance of Pbl.. The presence of this undesired compound changes the film properties,
leading to a yellow film color, higher band gap and corresponding XRD peaks. [24]

Motivated for reaching high surface coverages and high morphological quality, M. Xiao and co-
workers reported an interesting and efficient spin coating approach, named Fast Deposition-
Crystallization (FDC). Just by dropping a non-coordination solvent (in which CHsNHsPbls has a low
solubility and which increase the speed of nucleation process by removing the excess of perovskite
precursor solutions solvents) such as chlorobenzene, toluene, chloroform, among others, it was
obtained full surface coverages and high uniform perovskite thin films. [25] Later, W. Nie et al.
reported a hot casting approach, in which precursor solution and substrate were heated at a certain
temperature before the spin coating step, reaching also full surface coverages and a remarkable
millimeter grain scale. [26] Despite being two different approaches, both can be explained by the fast
crystallization of perovskite upon exposure to solvents where it has a low solubility. Those two studies
were a very important advance twoards high perovskite solar cells efficiencies, proving its dependence
on surface coverage, film morphology and grain size.

Regarding the precursor solutions, other factors were reported having a critic influence on the
final films appearance. As is intuitive, solution concentration has a great influence on films thickness,
which increases with the concentration due to the higher viscosities and amount of material. Despite
that, perovskite precursor solutions can be prepared using distinct solvents, as DMF, DMSO, GBL,
among others, with different properties (e.g. viscosities, densities and boiling points) and, therefore,
giving distinct properties to the final solution. In this way, N. Jeon et al. and B. Cai et al. studied the
influence of such solvents and reported bad film coverages with pinholes formation using a single
solvent and, more importantly, a MAI-Pbl>-DMSO complex formation, when using DMSO, as a critical
phenomenon on perovskite crystallization. As such, it was hypothesized that this complex retards the
fast interaction between MAI and Pbl. during the DMF or GBL evaporation, which ones exhibits higher
evaporation rates than DMSO and in which CH3sNHsPbls has a high solubility. [7, 27] However, despite
the desired slow interaction between MAI and Pbl. during the DMF or GBL evaporation, it is extremely
important a fast crystallization into a MAPbIs crystals due to the organic cation hydroscopic nature.
[28]

Another example is the precursor solution aging time, studied recently by H. Tsai. In this case,
the simple fact of a perovskite thin film produced using precursor solution with different stirring times,
left at 70 °C, induces significant grain size changes, reaching hundreds of microns. Based on LaMer
diagram, it was hypothesized that the formation of larger nucleation seeds within the precursor
solution, combined with hot casting method, generates high morphological quality and, especially, high
grain size, essential to reduce grain boundaries and trap states. [29]

In a nutshell, all these studies demonstrate the importance of thin films surface coverage,
morphology, grain size and crystallization on solar cells performances, but, actually, other factors,
regarding the charge collection optimization may be very helpful for even higher efficiencies. An
example is the optimum layer thickness considering not only the charges diffusion length but also the
absorption coefficient to achieve maximum broadband absorption in the full visible spectrum range.
Another example is the selective layers application, i.e, the deposition of an electron transport layer
(ETL) and a hole transport layer (HTL) which allow lower recombination rates since they are able to
transport electrons and reject holes and vice versa, respectively. In this way, the charge collection is
more efficient and the overall performance is improved.
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2.2. Electron and Hole Transport Layer

One of the great advantages of perovskite semiconductors is their ambipolar charge transport.
As was reported by Henry J. Snaith et al., perovskite thin films reach charge diffusion lengths > 1 pm,
enough for highly efficient charge collection without any additional selective layer, which can be tuned
using different perovskite compositions. [30] However, it is possible to achieve higher efficiencies with
the application of specific electron (ETL) and hole (HTL) transport layers attached to the
corresponding n/p contacts, decreasing the recombination rate. Besides, such layers may mitigate
short circuits situations in case of bad perovskite uniformity with the existence of pinholes in the
perovskite film.

These layers are mainly constituted by semiconductor materials with higher band gap than the
active layer, since they should not absorb much light, having either a high electron (ETL) or hole (HTL)
affinity. Besides transparency, the choice of such layers is also based on the band alignment, i.e,
based on the conduction band alignment for the ETL case and the valence band alignment for the
HTL case, in order to avoid Schottky junctions, as illustrated by Figure 3:
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Figure 3: Perovskite, TiO2, ZnO and CuSCN energy levels with respect to the vacuum level and respective band
alignment (values based on reference [31]).
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In the ETL case, many materials were tested including TiO2, ZnO, PCBM. [32 — 38] TiO: is the
most used material for both planar and mesoporous solar cell configurations. However, ZnO is a good
candidate to replace TiO2 due to its appropriate bandgap (= 3.3 eV), high electron mobility (35 cm?V-
151 for pure ZnO, [39], compared to 0.1 cm2V-1s1 for anatase TiO2, [40]) and higher transparency. [36,
41]

There are two conventional Perovskite solar cell architectures based on the ETL configuration:
planar heterojunction (Figure 4 b)), in which the ETL is a compact ultra-thin (= 20-60 nm) film, and
mesoscopic architecture (Figure 4 a)) in which the ETL thickness is higher ( = 100 nm) and the
perovskite film is soaked in a mesoporous matrix. The use of a mesoporous TiO: scaffold is reported
to strongly attenuate the hysteresis effects and increase dramatically the carrier-collection efficiency.
Thus, the advantage of the mesoscopic over the planar configuration is that it can reach carrier-
collection efficiencies close to 100 %, even when the charge carrier diffusion length is much shorter
than the photon absorption length. [14]
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Figure 4: a) Mesoscopic and b) Planar solar cells architectures illustrations. (Adapted form reference [42])

Concerning the HTL case, the highest efficiencies were obtained using the organic Spiro-
OMeTAD semiconductor. However, its high cost makes it not viable for large scale solar cell
fabrication. In this way, CuSCN appears to be a good substitute because it presents dramatically
higher hole mobility of approximately 0.01 - 0.1 cm?V-1s1 (as compared to 4 x 10 cm2V-1s1in Spiro-
OMeTAD), high optical transparencies and favorable energy levels (Evs = - 5.3 eV and Ecs =- 1.5 eV).
[43, 44] Besides, it is relatively cheap, thermally stable, it doesn’t require high annealing temperatures
(= 90 °C) and it was already used by many researchers with efficiencies > 10 %. [43 — 46] In addition,
as M. Jung et al. discussed, inorganic semiconductors used as HTL may prevent degradation by
humidity. [43]

3. Spin Coating

The perovskite high deposition versatility is an important advantage over many other materials
used in solar cells technology. Although vacuum-assisted thin film deposition techniques allow better
film and interfaces quality, spin coating is the most common method since it does not need vacuum
systems, which imply very high costs, and is a simple, low cost and low time consuming method. Wet
coating also enables deposition of a wider range of semiconductors, where film thickness is mostly
controlled by the rotation speed of the spinner and by the solutions viscosity/concentration.

For perovskite deposition, spin coating technique showed to be a quite favorable method,
specially the solvent-induced fast crystallization-deposition approach, studied by M. Xiao and
coworkers. This method, adopted by many researchers, induces a highly uniform and flat perovskite
thin film with high grain sizes, just by dropping a non-coordination solvent on the spin coating final
instants, essential for high charge transport quality and preventing losses, as previously mentioned.
[25]

~






Perovskite Solar Cells: Developing a simple, fast and low-cost Fabrication Technology

Chapter lI: Experimental

1. Device fabrication
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Figure 5: Solar cells fabrication scheme.

The solar cells fabrication can be defined by 4 main processes, as illustrated by Figure 5:
electron transport layer (ETL) deposition, active layer (perovskite) deposition, hole transport layer
(HTL) deposition and, finally, back and front contacts deposition. All processes are carried out by spin
coating, except the contacts depositions, as described in detail below. The used materials information
is presented in Table 9.

1.1. Substrate preparation and ETL deposition

Fluorine doped tin oxide (FTO) coated glass slide (100 mm x 100 mm x 2.2 mm, 13 Q/sq, 82-
84.5% transmittance), purchased from SIGMA ALDRICH, and glass without any TCO coating (100
mm x 100 mm x 1 mm), cut into 2.5 cm x 2.5 cm, were cleaned by sonication in IPA and deionized in
water, for 15 min each, after a detergent rub. Then the substrates were dried with nitrogen and, finally,
cleaned with UV ozone treatment for 15 min.

For the ELT, to study the TiO2 and ZnO compact layer thickness, the precursor solutions were
deposited on glass without any TCO coating via spin coating, for 30 s at 3000 and 6000 rpm and 2000
and 6000 rpm, respectively, with a ramp of 2000 rpm.s, dried at 120 °C for 5 min and sintered at 450
°C — 500 °C and 200 °C, respectively, for 30 min. In order to estimate the thickness per deposition, it
was varied the number of sequential depositions, with a drying step of 120 °C for 5 min between
depositions, and sintered at 450 °C — 500 °C. Similarly to these, the CuSCN HTL was deposited at
1000, 2000 and 4000 rpm for 30 s with the same ramp and then annealed at 90 °C for 30 min.

For solar cells fabrication, approximately 30 nm TiOz compact layer was deposited on FTO
coated glass via spin coating, for 30 s at 6000 rpm with a ramp of 2000 rpm.s™, using the precursor
solution 1 from section 3.1 of Appendices. After the spin coating, the compact layers were dried at
120 °C for 5 min and then annealed at 450 °C — 500 °C, respectively, for 30 min and left to cool down
to room temperature. Similar to the compact layer, the mesoporous TiO2 layer was deposited by spin
coating for 30 s at 6000 rpm with a ramp of 2000 rpm.s, using the solution 2 from section 3.1 of
Appendices, and sintered at 450 °C - 500 °C for 30 min.

Li-doping of compact and mesoporous TiO2 ETL was accomplished by spin coating a solution of
Li-TFSI in acetonitrile (solution 3 from section 3.1 of Appendices) at 1000 rpm for 10 s and 3000 rpm
for 20 s, followed by another sintering step at 450 °C for 30 min, as described elsewhere. [47]
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1.2. Perovskite solution preparation and deposition

Before the perovskite deposition, both precursor solution (preparation described in section 3.3
of Appendices) and substrates were heated either at 25 °C, 50 °C or 70 °C. Then the solution was
spin coated in a two-steps program at 1000 and 6000 rpm for 10 and 20 s respectively, with a ramp of
2000 rpm.st, on different substrates (Mesoporous and compact TiO2, compact ZnO and FTO). During
the second step, chlorobenzene and toluene was poured on the spinning substrate prior to the end of
the program, with volumes between 80 and 200 pL. The substrates were then annealed at
temperatures between 70 ° and 200 °C for 1 h, in ambient air.

1.3. HTL and top electrode deposition

After the perovskite annealing, the substrates were cooled down for few minutes and a CuSCN
solution (solution from section 3.2 of Appendices) was spin coated at 3000 rpm for 20 s and
annealed at 90 °C for 20 min, as described elsewhere [48]. Finally, using acetate masks fabricated by
LASER (Universal LASER Systems), 50-80 nm of aluminum/gold top electrode, with an area of 0.8 cm
x 0.1 cm, was thermally evaporated under high vacuum, as described elsewhere.

2. Characterization

2.1. UV-Vis Spectrophotometry

The optical characterization of the thin films layers was based on direct transmittance, for ETL
and HTL deposited over uncovered glass and FTO coated glass, and also full optical analysis
(transmittance, reflectance and absorbance) was acquired by Shimadzu UV 3101PC by obtaining
Reflectance and Total Transmittance with a ISR-260 Integrating Sphere within a range of 300-830 nm.

For thickness estimation, optical simulations were performed with the analytical Transfer Matrix
Method (TMM) implemented in Mathematica 7.0 (developed by Prof. Manuel Mendes).

2.2. SEM-EDS and AFM

The cross section and surface morphology of complete solar cells and the surface morphology
of perovskite thin films were examined by scanning electron microscopy (SEM) using a Carl Zeiss
Auriga crossbeam (SEM-FIB) workstation instrument equipped with an Oxford Intruments AZtec X-ray
energy dispersive spectrometer and a Tabletop Microscope TM3030 Plus + Quantax 70 SEM,
respectively.

The surface topography of the ETL was investigated and analyzed by atomic force microscopy
(AFM, Asylum MFP3D).

2.3. XRD

The structural analysis of all thin films layers, TiO2, ZnO, CuSCN and the full device structure
(without back and front contacts) was performed by X-ray diffraction (XRD) using a PANalyticalX'Pert
Pro X-ray diffractometer in Bragg—Brentano geometry, with a monochromatic Cu-Ka radiation source
(wavelength 1.5406 A).

Perovskite XRD measurements were carried out from 10° to 90° (26) and, for ETL/HTL, grazing
mode analysis was carried out with an X ray incident angle of 0.4° from 20° to 90° (26) and the spectra
analysis was acquired with High Score Plus software (PANalytical).

2.4. Electrical Characterization

IV-characterization was performed in ambient conditions at room temperature under AM1.5
illumination conditions (100 mW.cm-2) with a SS150 Reflective Solar simulator from Sciencetech.
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Chapter IV: Results and Discussion

As discussed in the introduction, to reach an efficient perovskite solar cell it is necessary to
study and optimize its structure layer by layer. Thus, this chapter presents the main results concerning
the morphological, structural, electrical and optical properties of each layer.

1. ETL and HTL Characterization

1.1. XRD characterization

The ETL was the first layer to be optimized since all solar cell structure is built on top of this
layer. As described in introduction, the ETL/HTL main objective is to block holes/electrons transport
and increase electron/hole collection, respectively, decreasing the carrier recombination and,
therefore, increasing the charge collection efficiency. Thus, it is important to reach a high ETL and
HTL crystallinity level.

ZnO - 200 °C
—TiO, - 500 °C

=

o

=
*

20 25 30 35 40 45 50 55 60
Angle (20)

Figure 6: Grazing mode XRD spectra of TiO2 and ZnO ETLs, and CUSCN HTL, deposited over glass by one-step
program spin coating of 6000 rpm (for TiO2 and ZnO) and 3000 (for CuSCN) for 30 s with 2000 rmp.s™* ramp and
a final annealing step of 500 °C, 200 °C and 90 °C, respectively, for 30 min.

Figure 6 shows the XRD results of TiO2, CuSCN and ZnO thin films, where it is possible to see
the presence of (101), (004), (200), (105) and (211) planes, at approximately 25.3° ,38° ,48° ,54° and
55°, respectively, in case of TiOz, which indicates the presence of tetragonal crystal planes of anatase
phase TiO2. [49], [50] In the CuSCN case, it was observed the presence of (101) and (012) at 27.1°
and 30.1°, respectively indicating the presence of rhombohedral $-phase, according with Alex K.-Y.
Jen and co-worker results. [51]

Concerning ZnO, it was obtained (100), (002), (101) and (110) planes, at 31.9°, 34.3°, 36.1° and
56.5°, respectively, showing a hexagonal polycrystalline (wurtzite) structure. [52], [53] However, as
Yanming Sun and co-workers claim, increasing the annealing temperature reduces the oxygen-
deficient component and increases the number of Zn-O bonds and, therefore, the peaks related to
(100) and (101) planes may be more defined and intense. [36] However, in this work TiOz is the main
ETL and, therefore, it was studied only ZnO annealed at 200 °C. In addition, as is revealed in Jianning
Ding et al. work, the presence of the (110) plane indicates a film thickness above 20 nm, since for
lower thicknesses this peak does not exist. [52]

For these materials, it was calculated the average of crystal size using Scherrer’s equation
applied to the strongest peak, and the results are summarized in Table 1:
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Table 1: Phases and grain size results of HTL (CuSCN) and ETL (TiO2/ZnQO) obtained by XRD measurements.

Material Phase 20 Plane FWHMs D (nm)
. Tetragonal
TiO2 25.3° (101) 0.01082 14.2
(anatase)
Zn0O Hexagonal 34.3° (002) 0.04537 3.7
CuSCN Rhombohedral 27.1° (101) 0.01745 8.9

1.2. Optical characterization

The optical characterization allowed not only to further confirm the presence of such layers but
also to study the influence of their thickness in the transmittance spectrum. As such, Figure 7 shows
the transmittance spectrum as a function of ETL thickness, for the TiO2 case, which was controlled by
the number of depositions and the rotation speed of the spinner.
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Figure 7: Influence of a) depositions number and b) spinner rotation speed on TiO:z thin films transmittance
spectrum. Depositions accomplished by one-step program spin coating of 2000 rpm and 6000 rpm with a final
annealing step of 500 °C for 30 min. Fitting with the TMM analytical program, we determine a thickness average
of 32 £ 10 nm per deposition, confirmed by profilometry

Figure 7 a) shows an increase of peaks (interference fringes) number with the number of
depositions, which is due to the increase of the TiO2 film thickness. According with the literature this
result is expected and the fringes are a useful tool for thin films thickness estimation. [54] Figure 7 b),
reveals an insignificant thickness decrease as the rotation speed increases, however, the film
homogeneity improves remarkably going from 2000 to 6000 rpm which is a good result since it
prevents short-circuit situations.

Although all factors promote certain shifts of these curves, the number of depositions is what
most affects the layer thickness, showing the higher red shift of the interference fringes as the
thickness increases. All samples reached a maximum transmittance close to 90 %, which is a good
result since the perovskite will be illuminated through this layer.

Using the TMM analytical program and fitting these curves with the simulations, as shown in
Figure 35 d) in section 4 of Appendices, it was possible to determine a thickness average of 32 + 10
nm per deposition, confirmed by profilometry (average of 3 measurements per sample).
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Figure 8: Influence of a) depositions number and b) spinner rotation speed on ZnO thin films transmittance
spectrum. Depositions accomplished by one-step program spin coating of 3000 rpm and 6000 rpm with a final
annealing step of 200 °C for 30 min.

Similar results were obtained for the ZnO thin films, except for the transmittance values. Figure
8 a) reveals a transmittance decrease with the thickness increase. As in TiO2 case, the increase in
rotation speed did not reveal any significant change to the film transmittance, as proved by Figure 8 b).
However, ZnO thin films reach a constant transmittance at approximately 90 % in most of the visible
spectrum, which means that they are more transmissive than TiO: thin films.

Concerning the CuSCN layer (HTL), the results were similar to ZnO, and high transmittances
were obtained, decreasing insignificantly as the rotation is increased. In this case, it was only varied
the rotation speed of the spinner and studied the influence on transmittance and reflectance curves,
as is shown in Figure 9:
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Figure 9: Influence of rotation speed on transmittance and reflectance of CuSCN layer deposited on glass.
Depositions accomplished by spin coating at 1000 rpm, 2000 rpm and 4000 rpm with a final annealing step of
90 °C for 30 min.

The high transparency and low thickness of the ZnO and CuSCN layers did not allow
determining their thickness by fitting the curves with the TMM analytical program, nor by profilometry.
However, the XRD results of Figure 6 show, for ZnO, a thickness, at least, >20 nm, which is close to
the expected value (30 nm) using the solution mentioned, as observed by Yanming Sun and co-
workers. [36] Regarding CuSCN, the results show thicknesses between 80-100 nm, measured by
cross section SEM images ( Figure 30 from section 3 of Results and Discussion) which is in a good
agreement with K. Zhao and co-workers observations [48].

In all cases, CuSCN, ZnO and TiO:2 thin films, the transmittance quickly decreases below 350
nm reaching values close to 0 %. In these cases, it is not possible to rigorously determine the band
gap since, as the films are too thin, the absorbance spectra behavior is manly dominated by the glass.
Thus, it was assumed the theoretical band gaps of 3.8, 3.3 and 3.2 eV, respectively.
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Right after the optimization of these layers on top of glass, and thickness estimation, it was
necessary to study the behavior when deposited on top of FTO coated glass. In this way, new
transmittance, reflectance and absorbance curves were accomplished, as well as a study of their
reproducibility (shown in Figure 36 from section 4 of Appendices).
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Figure 10: Transmittance curves of ETL, ZnO and TiO2, blue and green respectively, and HTL, CusCN, red
deposited with the final defined conditions for solar cells fabrication. The right inset presents a zoom where we
can see the increase and decrease in transmittance, compared with FTO layer, of ETL and HTL layers.

Figure 10 represents the direct transmittance curves of ETLs and HTL over FTO coated glass,
in order to study their behavior in the visible range of the light spectrum. As revealed by the curves,
only TiO2 compact layer shows a significant transmittance decrease, compared with the FTO
spectrum, due to its higher refractive index relative to FTO (thus increasing reflection). In the cases of
the ZnO and CuSCN spectra, it is noteworthy a small increase of transmittance which is due to the
lower refractive index of these materials compared to FTO. In addition, the transmittance reaches
values between 80 — 85 %, which is remarkable, since the transmittance remains high even with two
distinct layers deposited on glass.

Comparing both materials for ETL, the ZnO showed higher transparency than TiOz, which
means that optically ZnO can be a better material for the purpose. However, ZnO will not be used for
the electron transport layer since it was not possible to deposit a uniform perovskite film over it, as will
be discussed below. Regarding the CuSCN, although it is not used over FTO, the transmittance
analysis is important since it is important to achieve low parasitic absorption in the rear-located HTL.

In this way, Li* doped and non-doped compact and mesoporous TiO: transmittance was
analyzed since it will also work as ETL.
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Figure 11: Transmittance spectrum of a) non-doped and b) Li* doped compact and mesoporous TiO2 thin films.
Depositions accomplished by one-step program spin coating of 6000 rpm, for TiO2 deposition, and 3000 rpm, for
Li* doping, with a final annealing step of 500 °C for 30 min. Note that in b) the red curve is barely visible since it
matches the blue curve.
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In both Figure 11 a) and b) the compact and mesoporous transmittance remain approximately
constant with both rotation speed variation and Li* doping. Thus, for solar cells fabrication it was used
rotations speeds of 6000 rpm, since a film homogeneity improvement was observed with such higher
speed. Besides, it was observed a transmittance decrease for mesoporous TiO2 which is due to the
formation of heterogeneous thicker films (assumed to be > 100 nm, as described in literature). In
addition, it was tested Li* doped TiO:z in solar cells performances since Fabrizio Giordano et al.
observed a TiO2 resistivity improvement by Li* doping, leading to better efficiencies due to better
charge collection. [47]

1.3. AFM characterization

The surface topography is an important factor of Perovskite solar cell layers since the light-
surface interaction can increase the light absorbance and the surface morphology strongly influences
the quality of the films wet-patterned on top. Thus, it is important to optimize the roughness levels in
order to increase the light scattering, reduce light reflections to exterior and help getting compact and
dense perovskite films. For that, the surface topography of ETLs were examined by AFM and surface
roughness (Rms) and topographic images were analyzed in the data analysis software Gwyddion.
Figure 12 shows the surface topography of FTO and TiOz and ZnO layers deposited over FTO:

ETO FTO/TiO,, 1 Deposition FTO/ZnO, 1 Deposition
Rms =11.84 nm

Rms = 6.85 nm Rms =9.75 nm

a) b) c)
Figure 12: 3D AFM images of a) FTO coated glass, b) FTO coated glass with approximately 30 nm of TiO2 and c)

FTO coated glass with approximately 30 nm of ZnO, deposited with final defined conditions. Rms determination in
data analysis software Gwyddion.

From this analysis it is possible to realize that all surfaces have roughness levels between 6 - 12
nm. As expected, the roughness slowly decreases with the ETL deposition due to the filling of spaces
between the FTO surface features. Therefore, the results are in a good agreement with the
expectation since the FTO films exhibit the higher roughness (Rms). On the other hand, the FTO/TiO2
film exhibits a lower roughness compared with FTO/ZnO films, which can be related with the higher
film density of TiO2.

The corresponding 2D AFM images are represented in Figure 41 from section 8 of
Appendices, showing that all samples present a good uniformity. However, Figure 41 b) shows the
presence of many defects on the FTO/TiO2 layer, which may lead to problems in the perovskite
deposition step or crystallization.

2. Perovskite Characterization

For this section it was made, initially, a state-of-the-art review of the main techniques used to
improve the perovskite morphology. Then, when collected the overall conditions, it was applied and
idealized a standard set of conditions. To study the influence of each individually, it was varied each
condition maintaining the others the same as the standard.

The perovskite thin films deposition by spin-coating was the most challenging step of this work,
since the uniformity of the obtained film changes very easily depending on the substrate and solution
deposition temperature and, especially, the way we drop the non-coordination solvents
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(chlorobenzene/toluene) in the second step of perovskite deposition. The following Figure 13 shows
some images of both cases:

b)

Figure 13: Example of a) and b) bad chlorobenzene/toluene drop and c) and d)) bad TiO2 surface coverage. The
TiO2 and MAPbIs depositions were accomplished by one-step spin coating of 6000 rpm and final annealing step
of 500 °C for 30 min, and two-step spin coating (1000 rpm for 10 s and 6000 rpm for 20 s) dropping, in final
seconds, 100 pL of chlorobenzene and annealing at a temperature of 100 °C for 1 h, respectively.

In one hand, a bad chlorobenzene/toluene drop may originate bad uniformities which is not
desirable, as revealed by Figure 13 a) and b), since it may lead to short-circuit situations. In this way,
the chlorobenzene/toluene should be dropped at once, quickly and in the sample center. On the other
hand, when TiO2 is cooled down, i.e, when it is already crystallized in anatase phase, it may be
“hydrophobic” to the solution, leading to a bad perovskite solution adhesion to the substrate. Such
situation is revealed by Figure 13 c) and d). However, with UV ozone and thermal treatment it showed
a huge wettability improvement, since the TiO2 surface was made hydrophilic.

By the end of the spin-coating and annealing process, the MAPbls samples presented a dense
black color, however it may vary depending on the deposition conditions. In addition, as the
crystallization process occurs, it can be observed a change in the color from a translucid white color to
grey-black in MAPbIz perovskites, as is possible to see in Figure 14:

a) b) c)
Figure 14: Perovskite thin films appearance after a) placed on hot plate, b) after = 3 s and c¢) = 8 s of annealing at
100 °C.

Although all samples turn the color from translucid white to grey-black, another challenge is to
achieve the desired phase, which can be cubic, tetragonal and orthorhombic, as described in
introduction. In this way, some factors were changed, in the deposition step, in order to optimize this
layer. It should be noted that the results presented below are the most common cases in a batch of 8 —
10 films.

2.1. Substrate and solution pre-heating temperature variation (Hot casting)

The substrate/solution pre-heating temperature was the first factor being studied since it was
observed a huge improvement on perovskite films homogeneity, just by varying this temperature from
25 °C to 70 °C. In a first attempt, it was used only 1.5 M solutions, due to the higher viscosities,
therefore, the films were darker and with a better uniformity. However, after this optimization, both
concentrations (1 M and 1.5 M) were used for the following studies and even for solar cells fabrication.
In this way, Figure 15 shows this temperature variation for perovskite precursor solution of 1.5 M:
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50 °C 70 °C

b) c)

Figure 15: SEM images of perovskite thin films over compact TiO2 deposited over FTO coated glass with 1.5 M
solution and substrate temperature of a) 25 °C, b) 50 °C and c) 70 °C. The depositions were accomplished using
two-step program spin coating (1000 rpm for 10 s and 6000 rpm for 20 s), 100 pL of chlorobenzene and annealing
at a temperature of 100 °C for 1 h.

The results show a great improvement on film quality as the substrate and solution temperature
increase, since it is perceptible no pinholes formation for temperatures higher than 25 °C. Besides
that, it is remarkable the formation of close-packed grain domains for temperatures above 25 °C,
which means the achievement of the right phases explained by the faster solvents evaporation and,
thus, the faster reaction between perovskite solution reagents (MAI and Pblz). Hence, the nucleation
process has a smaller interaction with the environment, avoiding the degradation by humidity. In
addition, at higher temperatures, the solution has a higher wettability and, shortly after propagation
over the entire surface of the sample, part of DMF evaporates and MAPDbIs crystals are less favorable
to dissolve. In this way we achieve better conditions for grain growth.

The transition of 50 °C to 70 °C allowed the formation of larger grain domains, where is possible
to measure a grain size average (ten measurements for sample) of 1.80 + 0.55 pm and 2.92 +
0.48 pm, respectively. These results resemble those of state-of-art perovskite solar cells and are
desired, since the bigger the grain domains the lower the amount of grain boundaries and, therefore,
the lower the amount of recombination. It should be noted that the distance between grains, which is
observed in Figure 15 b) but not in Figure 15 c), may be simply caused by the time of exposure to the
electron beam of SEM system.
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Figure 16: Influence of 1.5 M solution and substrate pre-heating temperature in absorbance spectra. The
depositions were accomplished by two-step program spin coating (1000 pm for 10 s and 6000 rpm for 20 s), 100
UL of chlorobenzene and annealing at a temperature of 100 °C for 1 h. The band gap was obtained by making a
linear fit in the drop zone of the curve and obtaining the intersection point with the X-Axis using the line equation
(Y =mX + b).

Regarding the absorbance (Abs = 100% — Ttota — Rrvotal) Spectra in Figure 16, the higher
absorbance is reached with the higher pre-heating temperature, which is may be due to the better film
uniformity and the inexistence of film vacancies. However, the absorbance variation between them is
very low, reaching values of 82 - 85 %. Regardless of the absorbance variation, all samples showed
an abrupt decrease at = 1.5 eV. Making a linear fit in this region, is possible determine a band gap of
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approximately 1.49 — 1.5 eV, which is in a good agreement with literature (e.g. of record-efficient
perovskites) and which is very close to the optimum band gap.

2.2. Amount of non-coordination solvent

The amount of chlorobenzene/toluene was a factor already studied by other authors, where
they found to be helpful on film coverage and morphology. In this way, the amount of this reagent was
varied between 80 pL — 200 pL in order to study its influence on film morphology and grain size.
Figure 17 shows SEM images which also reveal the influence on polycrystalline grain domains size:

80 uL 100 pL 150 uL 200 pL

e) f) 9) h)
Figure 17: Influence of chlorobenzene on MAPDbIs thin films morphology and grain size deposited over compact
TiO2. The films were deposited by two-step program spin coating, 1000 rpm for 10 s and 6000 rpm for 20 s, using
1M, a), b), c), d), and 1.5 M, e), f), g), h), solutions and a final annealing at a temperature of 100 °C for 1h.

As described in the introduction, the chlorobenzene or toluene drop is a step used to increase
the nucleation speed by removing the excess of DMF and DMSO (perovskite precursor solution
solvents), which allows once more a smaller interaction with the environment, avoiding the
degradation by humidity. Besides, is important to use the smaller DMF amount in solution as possible,
during the annealing step, since MAPDbIs crystals are very soluble to this solvent. Increasing the
chlorobenzene amount, the evaporation rate is increased and the nucleation is faster, producing
grains with an measured size between 3 and 11 um, depending also on solution concentration. The
following table resumes the grain size results of an average of ten measurements per sample using
SEM imaging analysis:

Table 2: Influence of solution concentration and chlorobenzene amount on MAPbIs grain domain size, deposited
over compact TiO2. Determination based on an average of ten measurements per sample using CoreIDRAW
software.

Grain Size

80 pL 100 pL 150 pL 200 pL
(um) H H H H
1M - 955+ 2.25 7.30 +£1.93 473 +1.06
1.5M - 4,33 +0.57 10.49 £ 2.40 6.14 £ 0.79

As revealed by Figure 17 and Table 2, the bigger grains were obtained using 100 — 150 uL of
chlorobenzene, being smaller or inexistent using 80 uL. Figure 17 e) depicts a typical situation of a
bad crystallization, where, instead of cubes, spikes are present. This crystallization is perceptible at
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naked eye, being characteristic of a light grey film, as Figure 44 a) from section 11 of Appendices
reveals. Besides, when no chlorobenzene is added during the spin coating process, it was observed a
poor surface coverage in most cases, hence it was not studied to avoid wastes. This coverage
improved with the chlorobenzene volume added, with films becoming smoother and appearing more
continuous with the increase of chlorobenzene.

100 pL 150 pL 200 pL

f)

Figure 18: Influence of Toluene on MAPDIs thin films morphology and grain size deposited over compact TiOx2.
The films were deposited by two-step program spin coating, 1000 rpm for 10 s and 6000 rpm for 20 s, using 1 M,
a), b), ¢), and 1.5 M, e), f), g), solutions and a final annealing at a temperature of 100 °C for 1h.

Table 3: Influence of solution concentration and Toluene amount on MAPbIs grain domain size deposited over
compact TiO2. Determination based on an average of ten measurements per sample using CorelDRAW software.

Grain Size

100 pL 150 L 200 pL
(Hm)
1M - 7.97+151 -
15M 809+161 7.86+1.35 9.19+1.37

In the toluene case, the results were similar, Figure 18, differing in the films color. Here the films
presented a darker black color, and the grain size increased with the content of toluene. However, the
higher reproducibility, larger grain size, more uniform and consistent films were obtained using
chlorobenzene.

2.3. Solvents (DMF:DMSO) ratio variation

The DMF:DMSO solvent ratio is known to be an important factor on perovskite films fabrication.
As explained by Bing Cai et al., DMSO has a low evaporation rate and high viscosity working both as
a solvent and as a coordination reagent, in the form of Pbl>-MAI-DMSO complex, while DMF only
functions as a solvent with higher evaporation rate. In addition, the best performance was achieved
with 4:1, 3:2 and 2:3 DMF:DMSO ratios [27]. In this way, the mix between the reagents has the
purpose of combining both properties in order to achieve the best film uniformity.

Here it was tested only with 4:1 and 1:4 ratios and studied their influence on precursor solutions
and perovskite films, as is shown in Figure 19:
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Figure 19: Influence of 1:4 DMF:DMSO ratio on MAPDbIs thin films morphology and grain size, deposited over
compact TiO2. Films were deposited with solutions and substrates at 70 °C by two-step program spin coating,
1000 rpm for 10 s and 6000 rpm for 20 s, dropping different chlorobenzene amounts in the final seconds, using 1
M solution. The annealing step was accomplished for 1 h at 100 °C.

For 1:4 DMF:DMSO ratio, the first observation was the precursor solution reagents solubility. In
this case, the 1 M solutions had a great difficulty to solubilize the reagents even when left on the hot
plate at 70 °C. On the other hand, it was not possible the fabrication of 1.5 M solutions due to the poor
solubility, demonstrating that DMF is a critical solvent to control the precursor solutions concentration.
Regarding the film homogeneity, with this ratio a good homogeneity is not possible and the final color
becomes a transparent brown instead of the desired dark grey/black film. Therefore, the absorbance
curves show a fast decrease, as is expected and revealed by Figure 20:
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Figure 20: Influence of 1:4 DMF:DMSO ratio with different chlorobenzene amounts in the absorbance spectra.

Depositions accomplished by two-step program spin coating (1000 pm for 10 s and 6000 rpm for 20 s) dropping

different amounts of chlorobenzene in final seconds with annealing at a temperature of 100 °C for 1 h. The band

gap was obtained by making a linear fit in the drop zone of the curve and obtaining the intersection point with the

X-Axis using the line equation (Y = mX + b).

Besides all observations, the presence of perovskite is proved by the abrupt decrease at
approximately 1.5 eV in the absorbance spectra, which is due to the perovskite band gap.

For 4:1 DMF:DMSO ratio, no difficulty in solubility was observed, being the solubilization
possible at room temperature. Here the solvent mix properties are controlled by DMF, being the
solution less viscous, and the DMSO works mainly as the coordination reagent. The formation of the
Pbl>-MAI-DMSO intermediate-phase film retards the rapid reaction between Pbl. and MAI during the
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evaporation of DMF. However, after the DMF evaporation, a fast crystallization is essential for less
degradation by humidity. Thus, this intermediate phase helps not only the grain formation as in the film
homogeneity, as described in introduction and as possible to see in, for example, Figure 44 b) of
section 11 of Appendices.

2.4. Substrate coating variation

Until this section, all parameters were varied and tested producing perovskite films over
compact or mesoporous TiO2, since the main objective is to produce a complete solar cell structure.
However, the film’s morphology, homogeneity and grain size may be affected by the surface where it
will be deposited and crystallize. In this way, perovskite thin films were produced in glass substrate
coated with different materials, and analyzed by SEM.

TiO2 compact TiO2 mesoporous

100 °C

120 °C

e) f)
Figure 21: Influence of substrate on MAPbIs thin films morphology and grain size, deposited with solutions and
substrates at 70 °C by two-step program spin coating, 1000 rpm for 10 s and 6000 rpm for 20 s, dropping 150 uL

of chlorobenzene in final seconds, using 1.5 M solution. The annealing step was accomplished for 1 h at 100 °C
and 120 °C.

The first observation of this study was the hydrophilic behavior of each substrate, since it is an
important factor on the film homogeneity. For FTO and mesoporous TiOz, the solution spread all over
the substrate with no need of UV or temperature treatment, and using approximately 90 pL of
perovskite precursor solution. In the compact TiO2z case, as discussed previously, at room temperature
the surface may be hydrophobic to the perovskite solution, thus requiring UV treatment.

Regardless of annealing temperature, the SEM images reveal, for FTO substrates (Figure 21 a)
and d)), a MAPDblIs crystallization in the form of spikes which is clearly not the desired morphology. On
the other hand, the desired film morphology was achieved using a compact or mesoporous TiO: layer,
Figure 21 b), c), e) and f), where the higher polycrystalline grain size was obtained using a compact
layer with an average of 12.34 + 2.72 ym and 10.77 £+ 2.19 um for 100 °C and 120 °C, respectively,
compared to 5.16 + 1.3 ym and 5.76 = 0.89 um when deposited over mesoporous TiO2 layer at 100
and 120 °C, respectively.

As is expected, varying the substrate coating for the perovskite deposition leads to absorbance
variations, since it influences the perovskite material and respective thickness.
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Figure 22: Influence of different substrate coatings on the absorbance spectra of the deposited perovskite films.
The depositions were accomplished by two-step program spin coating (1000 pm for 10 s and 6000 rpm for 20 s),
dropping 100 pL of chlorobenzene in final seconds, and annealing at a temperature of a) 100 °C and b) 120 °C for
1 h, using 1.5 M solutions. The band gap was obtained by making a linear fit in the drop zone of the curve and
obtaining the intersection point with the X-Axis using the line equation (Y = mX + b).

In this study, the higher absorbance was obtained for annealing temperatures of 100 °C. In
addition, a greater variation of the absorbance with the variation of the substrate coating was
expected, which may be observed at least for higher wavelengths. However, this study reveals an
insignificant perovskite absorbance variation with different substrate surfaces. Besides, all samples
reach absorbances close to 85 - 87 % and show a band gap of 1.48 eV and 1.47 eV to 100 °C and
120 °C, respectively.

For ZnO (ETL) thin films, the perovskite deposition was not easy since the surface does not
have the ideal wettability. Thus, as in compact TiO2 case, a UV and temperature treatment before the
perovskite deposition was required. Many attempts have been made and the best results are
summarized in the following Figure 23:

Figure 23: MAPDIs thin films morphology deposited over ZnO with solutions and substrates at 70 °C by two-step
program spin coating, 1000 rpm for 10 s and 6000 rpm for 20 s, dropping 150 pL of chlorobenzene in final
seconds, using 1.5 M solution. The annealing step accomplished for 1 h at 100 °C (left samples) and 120 °C (right
samples).

Right after the spin coting the samples were annealed at 100 °C and 120 °C in a hot plate.
Unlike TiO2, the perovskite thin films never reached full crystallization, never becoming a dark black
film, and after less than ten minutes the samples begin to change the color to yellow due to the
organic component degradation. This degradation may be due to the reaction of perovskite with some
remaining precursor solution reagent, since both ethanolamine and 2-methoxiethanol have a boiling
point, 170 °C and 124 °C respectively, close to the compact ZnO annealing temperature (200 °C). In
view of these difficulties, ZnO ETL was not used for the solar cells fabrication, and only a compact or
mesoporous TiO: layer were applied as ETL.
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2.5. Annealing temperature variation

The annealing temperature is one of the main factors in the perovskite film development. This
factor has a bigger impact in the film morphology, crystallization rate and structure and in the grain
domains size. As already observed by Amalie Dualeh et al., [24] for annealing temperatures below 70
°C the crystallization is not completed, independently of the time. For temperatures above 200 °C the
crystallization was observed to occur almost instantaneously, quickly leading to a yellow coloration.
Figure 24 shows SEM images of samples with different annealing temperature treatment:

70 °C 100 °C 120 °C 200 °C

e) f) 9) h)
Figure 24: Influence of annealing temperature on MAPDbIs thin films morphology and grain size, deposited over
compact TiO2. Films deposited with solutions and substrates at 70 °C by two-step program spin coating, 1000
rpm for 10 s and 6000 rpm for 20 s, dropping 150 pL of chlorobenzene in final seconds, using 1 M, a), b), c), d),
and 1.5 M, e), f), g), h), solutions. Annealing step were accomplished for 1 h for each temperature.

The results showed a faster crystallization as the temperature increases. For 70 °C the color
change only begins 2 - 3 min after standing on a hot plate, showing, after concluding the annealing
step, a black transparent color and a highly homogeneous film. For both solution concentrations, 1 M
and 1.5 M, the SEM results were similar showing nice coverage but inexistence or too small grains. In
addition, for 1.5 M it is possible to observe the existence of spikes which may be due to the bigger
concentration, i.e, for this concentration 70 °C annealing may not be sufficient to crystallize all film
thickness.

Regarding temperatures higher than 70 °C, the color change appears to be instantaneous,
increasing as the temperature increases. All samples showed very good coverage and as is possible
to see in Figure 24 that grains start to form at 100 °C, showing bigger sizes with solutions of 1.5 M, as
confirmed by Table 4:

Table 4: Influence of solution concentration and annealing temperature on MAPbIs polycrystalline grain domain
size, deposited over compact TiO2. Size determination based on an average of ten measurements per sample
using CorelDRAW software.

Grain Size | 260 100 °C 120 °C 200 °C
(um)

1M - 4.86 + 0.85 - -
15M - 8.21+2.21 9.36 + 1.87 -
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At 120 °C, on one hand, for 1.5 M the grain size appears to increase, but, on the other hand, for
1 M, Figure 24 c) reveals the beginning of organic degradation, showing film vacancies and grains not
well defined. This reveals that 120 °C may be too high for films produced with 1 M solutions. Thus, the
best annealing temperature changes with the solution concentration, being 100 °C ideal for 1 M
solutions and 120 °C ideal for 1.5 M solutions. However, XRD results, Figure 42 from section 9 of
Appendices, show a more intense Pblz peak for annealing temperatures of 100 °C, and less intense
for 120 °C, which reveals a better crystallization for the higher annealing temperature.

With MAPbIz thin films deposited over mesoporous TiO:z layer (Figure 38 from section 5 of
Appendices), we only studied annealing temperatures of 100 °C and 120 °C. In this case, the
homogeneity appears to be better than depositions over compact TiOz, which is expected due to the
better wettability. No crystallization difficulties occurred, except for the annealing temperature of 100
°C using 1.5 M which give the idea of an incomplete crystallization. Despite that, SEM images show
an average grain size between 3 and 6 um (Table 11), which is lower than films deposited over
compact TiO2.

For samples heated at 200 °C, the color change to black was instantaneous but another color
change occurs after two minutes, to yellow, showing the organic (MAI) component degradation. The
perovskite characteristics are almost no longer distinguishable, and the absorption spectra resembles
that of pure Pblz with slightly higher band gap of 2.27 eV, obtained by fitting curves on the drop zone.
This confirms that the yellow color, Figure 45 from section 11 of Appendices, of these films is due to
the formation of Pbl: at these high temperatures, confirmed also by XRD results.
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Figure 25: a) XRD and b) absorbance analysis of MAPDIs thin films, deposited over compact TiO2, annealed at
distinct temperatures. In XRD spectra, the tetragonal perovskite phase is identified by a full circle, the Pblz phase
is identified by an asterisk and finally the CuSCN and FTO phases are identified with a cardinal and rhomb
respectively. The band gap was obtained by making a linear fit in the drop zone of the curve and obtaining the
intersection point with the X-Axis using the line equation (Y = mX + b).
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Figure 25 a) shows the XRD comparison with different annealing temperatures for films
produced with 1 M solution. The results reveal, for 100 °C and 120 °C, the presence of (110), (112),
(202), (220), (310), (224) and (314) planes at an angle 26 of 14.10°, 19.92°, 24.5°, 28.50°,31.87°,
40.55° and 43.06° which is indicative of the presence of MAPbIs tetragonal phase (marked with a full
circle). [24], [27], [55], [56] On the other hand, as is expected, the peaks corresponding to the Pbl:
phase, at 12.67° and 38.7° (marked with an asterisk, [57]), are more intense for the sample annealed
at 200 °C. In addition, at such higher temperature there are no perovskite phase peaks, proving the
organic degradation and the formation of a Pbl: film. The peaks corresponding to cardinal and rhomb
at 34.97° and 37.77° are related to #*CuSCN and °FTO layers, respectively. [43], [56] Very similar XRD
patterns were obtained using 1 M and 1.5 M solutions, showing for both the prevalence of MAPbDIs
tetragonal phase (Figure 38 from section 9 of Appendices).

Regarding the influence on the absorbance spectra, Figure 25 b) and Figure 37 f) of section 4
of Appendices show a maximum absorbance achieved at temperatures of 100 °C and 120 °C,
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reaching close to 90 % for both concentrations. Besides, for 70 °C the absorbance is lower, as
expected since it presented a transparent black color. However, regardless of the maximum
absorbance, all samples which present perovskite film features exhibit a band gap of = 1.5 eV.

2.6.

2.6. Final observations

The rotation speed of the spinner is also a factor which influences not only the perovskite
thickness but also the morphology. For the perovskite deposition, a two-step spin coating of 1000 rpm
for 10 s and 6000 rpm for 20 s with a 2000 rpm.s! ramp was used, where the first step is for the
solution to spread all over the substrate and the second is for solvents evaporation. However, higher
rotations speeds were tested in order to study their influence on uniformity and morphology, as shown
in Figure 26.

b)

Figure 26: MAPbIs thin film morphologies using one-step spin coating of 3000 rpm (a) and 6000 rpm (b) with a
2000 rpm.st ramp.

For both cases, 3000 rpm and 6000 rpm with a 2000 rpm.s* ramp, the perovskite films showed
a huge degradation and very low uniformities. For that reason, the rotation speed of the spinner was
maintained throughout this work even for solar cells fabrication.

3. Solar Cells Characterization

The solar cell performances are highly influenced by the perovskite films morphology and
crystalline structure, i.e., by the perovskite film thickness, film uniformity, grain size, grain orientation,
etc., which are highly influenced by all previous studied conditions. Besides, the ETL and HTL choice
is also an important factor due to the band alignment. Thus, previous studies about ETL, HTL and
perovskite layers enabled the choice of favorable conditions for the solar cells fabrication.

In this section, optical and morphological characterizations were performed after IV
performances measurements, since it is convenient to measure the IVs with the shortest possible time
after the solar cell fabrication. The first characterized batch was already studied in section 2.5 of this
chapter, where it was varied the substrate coating and the annealing temperature, as presented in
Figure 27:
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Figure 27: MAPDbIs thin films morphology and grain size, deposited over compact and mesoporous TiOz. Films
deposited with solutions and substrates at 70 °C by two-step program spin coating, 1000 rpm for 10 s and 6000
rpm for 20 s, dropping 150 pL of chlorobenzene in final seconds, using 1.5 M solutions concentrations. The
annealing step were accomplished at 100 °C and 120 °C for 1 h for each temperature.

In this case, it was fabricated solar cells based on 1.5 M perovskite solution concentration and
annealed at 100 °C and 120 °C. The best coverage and the bigger polycrystalline grains were
obtained for compact TiO2, with an average of 12.34 + 2.72 ym and 10.77 = 2.19 pum, respectively, and
overall optical absorbances close to 90 % already discussed in section 2.4. The EDS analysis was
accomplished in order to verify the presence of all the expected materials of the complete solar cells
layer structure.
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Figure 28: EDS analysis of the same MAPDIs thin films of Fig. 27, deposited over a) and b) compact (top) and c)
and d) mesoporous (bottom) TiO2 (ETL), having the CUSCN HTL on top.

Figure 28 a), b) c) and d) show the EDS analysis of the previous samples of Fig. 27, where is
revealed the presence of all elements of each layer: the presence of Ti from the ETL, C, I, N and Pb
from the perovskite layer (MAPbI3), and finally, the presence of C, Cu, N and S from the HTL.

In this first attempt only two solar cells built over compact TiO2 showed PV response:
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Figure 29: First solar cells: a) Current-voltage (IV) and b) Power-voltage (PV) curves performances for MAPbIz
thin films deposited over compact TiO2 using 1.5 M solutions. TiO2, MAPbls and CuSCN depositions were
accomplished by, one-step spin coating of 6000 rpm with final annealing step of 500 °C for 30 min, two-step spin
coating (1000 pm for 10 s and 6000 rpm for 20 s) dropping, in final seconds, 150 pL of chlorobenzene and
annealing temperature of 100 °C and 120 °C for 1 h and, one-step spin coating of 3000 rpm with final annealing
step of 90 °C for 30 min, respectively.

Table 5: IV performance results of first attempt.

Solar cells Voc Jsc FE Re Rs PCE
Parameters V) (mA/cm?) (kQ) (kQ) (%)
1L5M 0.603 9.15%x102 0.236 83.33 14.49 0.013
100 °C . . . . . .
15M
120 °C 0.632 0.131 0.249 58.82 7.75 0.021

In this preliminary attempt, despite the relatively high Voc, the IV performance shows very low
current densities. From literature, it was expected better results of = 1 V and tens of mA/cm? for Voc
and Jsc, respectively. The Voc is physically limited by the perovskite band gap (= 1.5 eV). For Jsc the
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results may be due to bad MAPbIs bulk coverages, as is possible to see in the following cross-section
SEM images:
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Figure 30: Cross Section SEM analysis of full solar cells structure using a) 1 M and b) 1.5 M precursor solution
concentration deposited over compact TiO2.

As Giles E. Eperon et al. clarified, in one hand, if there are regions of no perovskite coverage,
light will pass without absorption, decreasing the available photocurrent, and, on the other hand,
insufficient coverage may result in a high frequency of “shunt paths” allowing contact between ETL
and HTL. [9] Besides this ETL/HTL contact, the insufficient coverage may increase also charge
trapping inducing a high recombination probability, leading to more losses.

For FF and PCE calculation it was used equation 1, 2 and 3 from Appendices, using the
observed maximum voltage (from PV curves, Figure 29 b)) and respective maximum current. In this
way, as is revealed in Table 5, a FF of 0.236 and 0.249 and a PCE of 0.013 % and 0.021 % were
obtained for solar cells produced with 1.5 M solution concentration with final annealing step of 100 °C
and 120 °C, respectively.

For both cases, the PCE results were very low, as is expected since the solar cells produced
very low current densities. Besides, the low FF obtained is affected by shunt (Re) and series (Rs)
resistances behavior, which showed to be in kQ range for both cases. For a normal solar cells
performance, is needed a Rp as high as possible and a Rs as low as possible. This high Rs resistance
and low Rp resistance are obtained mostly due to the low bulk uniformities, justifying the low obtained
currents and, hence, the low PCEs.

In the following attempts, it was used also a Li* doped compact and mesoporous TiO2 as ETL
and the morphological characterization results are summarized in Figure 31:
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Figure 31: MAPDIs thin films morphology and grain size, deposited over Li* doped and non-doped compact and
Li* doped mesoporous TiO2. Films deposited with solutions and substrates at 70 °C by two-step program spin
coating, 1000 rpm for 10 s and 6000 rpm for 20 s, dropping 150 pL of chlorobenzene in final seconds, using 1 M,
a), b) and c), and 1.5 M, d), e) and f), solutions. The annealing step were accomplished at 100 °C and 120 °C for
1 h for each temperature.

The desired morphology was obtained in all samples, showing very defined polycrystalline grain
domains, with an average size summarized in Table 12 from Appendices. Despite the Li* doping, it is
not possible the detection of this element by EDS analysis, as seen in Figure 40 from section 7 of
Appendices. In addition, the best performing devices were obtained for solar cells built over non-
doped compact TiOz, as is shown in Figure 32.
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Figure 32: Solar cells a) IV and b) PV curves performances for MAPbIsz thin films deposited over non-doped
compact TiO2 using 1M and 1.5 M solutions. TiO2, MAPbIs and CuSCN depositions accomplished by, one-step
spin coating of 6000 rpm with final annealing step of 500 °C for 30 min, two-step spin coating (1000 pm for 10 s
and 6000 rpm for 20 s) dropping, in final seconds, 150 pL of chlorobenzene and annealing temperature of 100 °C
and 120°C for 1 h and, one-step spin coating of 3000 rpm with final annealing step of 90 °C for 30 min,
respectively.
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Table 6: IV performance for best performance solar cells using doped and non-doped ETL layers.

Solar cells Voc Jsc FE Rp Rs PCE
Parameters V) (mA/cm?) (kQ) (kQ) (%)
1M 0.516 7.65 0.106 0.12 13.18 0.414
100 °C . . . : . .
15M
120 °C 0.770 5.85 0.052 0.32 52.63 0.233

Once more, from the PV curves (Figure 32 b)) it is possible to observe the maximum voltage
and therefore, the maximum current produced by the solar cells. In this way, using equation 1, 2 and 3
from Appendices, it is obtained a FF of 0.106 and 0.052 and a PCE of 0.414 % and 0.233 % for solar
cells produced with 1 M and 1.5 M solution concentration, respectively.

Contrarily to the previous attempts, for these solar cells the results were obtained right after the
contacts deposition. Besides having similar Voc, it is noticeable a substantial current improvement,
reaching close to 1 mA. However, the same bulk coverage results were obtained, which may be the
explanation for the very low fill factor, due to the combination of low shunt resistance and high series
resistance, according to Figure 34 from section 1 of Appendices. Other similar IV performances
were measured for the same conditions and even for solar cells built over Li* doped compact TiOz.
However, despite the similar open circuit voltage, the measured current densities were significantly
lower, as shown by Figure 43 from Appendices.

Since the ETL doping did not improve the solar cells performances, more solar cells were
produced based on non-doped ETL. The results were, unfortunately, very similar to the previous
obtained, with low current densities and very low fill factors. Generally, it was observed higher current
densities for solar cells based on mesoporous TiO2 ETL, since it improves the light absorption, and
higher Voc for the compact architecture. The optical, morphological and best electrical results are
summarized in Figure 37 b) and c¢), Figure 39 and Figure 43 of Appendices.

Despite the ETL and HTL/perovskite interfaces and bulk morphologies, other factors may have
a significant impact on the solar cells performance. The perovskite material is composed of many ionic
bounds which means the presence of ions. The ionic motion and respective interfacial accumulation
within the perovskite structure was proved, generating defects, which work as recombination centers
and may also create an opposite internal electric field resulting in poor charge collection. [58]

30



Perovskite Solar Cells: Developing a simple, fast and low-cost Fabrication Technology

Chapter V: Conclusions and Future Trends

This work aimed at the fabrication and optimization of all layers which constitute the simplest
perovskite solar cell structure: ETL, Active layer and HTL. In this way, optical, structural, morphological
and electrical characterization were performed. However, the main objective was the optimization, by
changing the fabrication steps, of the active layer (MAPbIs) in order to reach high morphological
quality as well as structural and, thus, reach good solar cells performance.

In the first part of this work, the optimization of ETL and HTL layers results on high
transparencies (= 90 % over glass and 70-90 % over FTO coated glass) and low parasitic absorption
(close to 0 % over glass and = 10 % over FTO coated glass) in the UV-Vis spectrum, which is desired,
specifically for ETL layers since, before reaching the active layer, the light will pass through the glass-
FTO-ETL. Between TiO2 and ZnO, ZnO proved to be more transmissive over a bigger optical
spectrum range and, as is discussed in literature it has a significant higher electron mobility, thus
hinting to be a better candidate for ETL layer. Regarding CuSCN, despite the different process
conditions, the final ones remain the same as the literature since it is deposited over the MAPbDIs films,
and higher rotation speeds and annealing temperatures could have a significant negative influence
over MAPDIs films morphology, which, as discussed, is an important factor for solar cells performance.

In a second part, five fabrication steps were changed, using two different perovskite solutions
concentrations, and studied their influence in MAPbIs absorption spectra and morphology, specifically
on polycrystalline grain domain size and overall ETL surface coverage. Here, besides the way as the
chlorobenzenef/toluene is dropped in the final seconds of spin coating, the amount such reagents,
substrate and solution temperature deposition and the substrate variation were the factors which
mostly influenced the MAPDbIs films morphology and uniformity. It was observed better morphologies
for chlorobenzene/toluene amounts between 100 — 200 ul, substrate and solution temperature > 25 °C
(for T > 25 °C, the temperature increase only affected the polycrystalline grain size), and for films
deposited over mesoporous TiO2 due to the better wettability. In compact TiO2 and ZnO layers it
required a UV treatment to improve the surface wettability and, thus, to produce a compact and
uniform MAPDIs thin film. In addition, it was observed and proved the perovskite organic component
degradation for films produced over ZnO films annealed at 200 °C and produced as described.

On the other hand, the annealing temperature and the DMF:DMSO ratio factors influenced
mostly the perovskite crystallization. In this case, the annealing temperature revealed better results for
100 °C using 1 M solution and 120 °C using 1.5 M solution, showing mostly, for both cases, the
presence of (110), (112), (202), (220), (310), (224) and (314) planes which is indicative of tetragonal
phase. The DMF:DMSO ratio of 1:4, besides bad reagents dissolution, induced a non-uniform
transparent brown films formation, which is indicative of a bad crystallization justifying the absorbance
decrease and proving that DMSO works mostly as coordination reagent. Therefore, 4:1 (DMF:DMSO)
ratio was maintained as well as the two-step spin coating of 1000 rpm for 10 s and 6000 rpm for 20 s
since for higher rotations it showed total film degradation and, thus, very bad uniformities.

In a nutshell, the optimization of such layers allowed the choice of the better conditions to be
applied on the final solar cell structure, summarized on Table 7 and Table 8:

Table 7: Final deposition conditions of ETL and HTL layers for complete solar cell structure fabrication with final
thickness range.

Fabrication Conditions TiO, ZnO CuSCN
Rotation Speed 6000 rpm — 30 s 6000 rpm — 30 s 3000 rpm —30 s
Depositions Number 1 1 1

Annealing temperature 500 °C - 30 min 500 °C — 30 min 90 °C — 30 min

Final Thickness 30-40 nm 20-40 nm 80-100 nm
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Table 8: Final deposition conditions of Perovskite layer for complete solar cell structure fabrication with final
thickness range.

Perovskite A i Hot casti Final
Fabrication nneaiing otcasting  Hyr:pMso  chlorobenzene rina
N temperature temperature Thickness
Conditions
1M 100 °C 70 °C 4:1 100 - 150 pL 400-500 nm
15M 120 °C 70 °C 4:1 100 - 150 pL 600-700 nm

Throughout this study, polycrystalline grain domains in the micrometer range were obtained,
which is remarkable since all perovskite films were produced without any ambient controlled condition.
However, as Figure 30 from section 3 of Results and Discussion shows, poor bulk morphologic quality
was obtained, especially for films produced using 1 M precursor solution over compact TiO2, which
may be the major cause for the bad solar cells fill factors. However, using 1M solution produced
thinner films which is better considering the charge diffusion length.

Regarding overall solar cells performances, it was obtained very low current densities and fill
factors mostly due to the very high series resistances and very low shunt resistances which are the
origin of very low efficiencies. Despite that, good open circuit voltages and very high absorbances,
close to 90 %, were obtained.

As future trends, for further morphology improvements, the perovskite thin films fabrication in
controlled ambient conditions as low humidity percentage in air was reported and used by most of
researchers. Recent studies reported also a good morphology improvement using HPbls as a reagent
for perovskite precursor solution, which appears to be promising for further improvements. [59]
Besides that, higher substrates temperatures for hot casting method may be tested in order to study
their influence on polycrystalline grains size.

The ionic feature of perovskite semiconductors may be a crucial factor for solar cells behavior,
especially, for current collection as already discussed. In this way, an impedance spectroscopy study
may be important to further understand other mechanisms which may influence the charge collection
on electrodes. Also, Hall effect measurements, especially in ETL and HTL, are important since the
electrical properties of such layers are crucial for a good charge collection and solar cells
performances.

As discussed earlier, ZnO proved to have better optical and electrical properties than TiOz. In
this way, perovskite deposition over ZnO annealed at higher temperatures (= 500 °C) using the simple
described solution must be tested and, if possible, compare its influence on IV solar cells performance
with the usual TiOxz.

Finally, this work objective was to find the best condition for MAPbIz growth optimizing also the
other layers. However, changing the halide or cation composition is possible to tune perovskite
properties and, therefore, the deposition conditions may be different for each composition. As an
example, it is known that MAPbBrs has a higher band gap, useful for tandem cells, and higher
stabilities. In this way, the best deposition condition for each single halide or cation composition and,
next, for mixed halide or cation composition may be a very useful and interesting study twoards higher
efficiencies and, therefore, towards a better use of solar energy.
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Appendices

1. Solar Cell Parameters Equations

In this section is explained the calculation solar cells parameters through the IV and PV curves and
presented the main equations used in section 3 of Results and Discussion. Besides, Figure 34 shows
the influence of series and shunt resistances, Rs and Re (or Rsh), on 1V solar cells curves and specially
on Fill Factor.
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Figure 33: IV solar cell curve illustration for parameters calculation. [60]

e lsc, short circuit current, obtained at vV =0V,

e  Voc, open circuit voltage, obtained at | = 0V;

e Imp and Vmp, maximum current and voltage respectively, obtained by IV curve, illustrated by Figure
33;

¢ Rs and Rp, series and parallel resistance, respectively, obtained by (IV curve slope)? in region
showed by Figure 33;

. Pwmax, maximum generated power:

Pyax = Imp X Vmp €Y

e FF, fil factor, proximity of IV curve to a square, obtained by:

L., XV
FF = TP (2)
Isc X Voc

e n, Efficiency, also denominated as PCE, is the ratio between Pwvax and Piight:

P
n = —2% % 100 % 3)
light
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Figure 34: Influence of series (left) and shunt (right) resistances, Rs and Rp (or Rsu), on IV solar cells
performances. The series resistance increase and the shunt resistance decrease may also induce the Isc and Voc

decreases, respectively. [61]
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2. Materials

Table 9:List of reagents and respective abbreviation, purity, CAS and company.

Reagent Abbreviation Purity CAS Company
Absolute Ethanol EtOH 99.99 % 64-17-5 Fisher Chemical
Acetonitrile - 99.5 % 75-05-8 Riedel-de Haén
Copper(l) Thiocyanate CuSCN 96 % 1111-67-7 Alfa Aesar
Di-n-propyl Sulfide - 98 % 111-47-7 Alfa Aesar
Dimethylformamide DMF 99.8 % 68-12-2 Panreac
Dimethyl Sulfoxide DMSO 99.9 % 67-68-5 Fisher Chemical
Ethanolamine - 99 % 141-43-5 Riedel-de Haén
Hydrochloric Acid HCL 37 % 7647-01-0 SIGMA ALDRICH
Lithium salt Li-TFSI - 90076-65-6 SIGMA ALDRICH
Methylammonium lodide MAI 98 % 14965-49-2 SIGMA ALDRICH
Lead lodide Pbl2 99 % 10101-63-0 ACROS ORGANIC
éﬁ'ﬁﬁ?' TIO, Paste . . . SIGMA ALDRICH
Egi’:gggl\é)e TTIP 97% 546689  SIGMA ALDRICH
Zinc Acetate Dihydrate ZAD 99-102%  5970-45-6 SIGMA ALDRICH
2-methoxyethanol - 99.8% 109-86-4 SIGMA ALDRICH
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3. Solutions Preparation

This section presents the recipes for the solutions preparation (e.g. reagents, stirring time,
temperature) used in the Experimental section.

3.1. ETL and Li* doping precursor solutions

The fours precursor solutions needed for ETL fabrication were prepared using the following
materials: a liquid reagent of Titanium(IV) Isopropoxide (TTPI), absolute ethanol (EtOH), Hydrochloric
acid (HCL), a 22 nm TiO2 particle paste, zinc acetate dihydrate (ZAD - Zn(CH2COOQ): .2H20), 2-
methoxyethanol, ethanolamine and Li-TFSI (lithium slat).

1. For the TiO2 compact layer, a solution consisting of 17.5 pL of HCI in 1.25 mL of EtOH was
added, by dropwise, to a solution of 175 pL of TTIP in 1.25 mL of EtOH and stirred, at least, for
10 min. [62, 63]

2. TiO2 Mesoporous precursor solution was prepared diluting a 22 nm TiO2 particle paste in EtOH
with a concentration of 150 mg/mL and stirred for 10 min.

3. The solution which was used on TiO2 doping was prepared diluting Li-TFSI in acetonitrile with a
concentration of 0.1 M. [47]

4. The ZnO precursor solution was developed stirring, at least for 12 h (for the hydrolysis reaction),
a solution of 1 g of ZAD in 280 pL of ethanolamine and 10 mL of 2-methoxyethanol, as
described elsewhere [36].

3.2. HTL precursor solution

The precursor solution for HTL fabrication was prepared using a Copper(l) Thiocyanate
(CuSCN) powder dissolved in Di-n-propyl sulfide (98%) with a concentration of 15 mg/mL and stirred
for 48 h, as described elsewhere [48]

3.3. Perovskite precursor solution

The materials used to perform the perovskite precursor solutions was Methylammonium lodide
(MAI), Lead lodide (Pbl2) powders. As solvent was used a mix of dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO), with ratios (DMF:DMSO) of 4:1 and 1:4.

These solutions with concentrations of 1M and 1.5 M were stirred at 70 °C until it turned into
homogeneous yellow solution. Table 10 presents the quantities used for 1 ml of precursor solution for
each concentration:

Table 10: Reagent molarity for 1 M and 1.5 M precursor solutions.

Reagent quantity

ol MA Pbl,
MAPbI; (1 M) ‘ 1 1
MAPbI3 (1.5 M) ‘ 15 15
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4. Optical Analysis

This section aims manly to study the optical behavior reproducibility of ETL and HTL deposited over
non-coated and FTO-coated glass, as well as of the full solar cells structure without the Au contacts.
Besides, it is presented also, for the TiOz2 films, the analytically-simulated direct transmittance fitting
curves for thickness determination and the annealing time influence on the absorbance spectra of
perovskite thin films prepared using 1.5 M precursor solution concentration (section 2.5 of Results and
Discussion).
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Figure 35: Absorbance spectra reproducibility of a) TiOz, b) ZnO, c) CuSCN and d) measured (solid lines) vs
simulated Transmittance curves (short dash curves) for compact TiO2 thickness determination (setting in program
31 nm for 1 Deposition, 62 nm for 2 Depositions and 96 nm for 3 depositions) deposited over non-coated glass.
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Figure 36: Optical behavior reproducibility of a) FTO coated glass, b) and c) compact TiOz, d) and e) compact
CuSCN, f) and g) compact ZnO deposited under final chosen conditions over FTO coated glass.
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Figure 37: Absorbance spectra of a) MAPbIs annealed at distinct temperatures using 1.5 M solution, b) and c) full
solar cells structures built over compact and mesoporous TiOz, respectively. The band gap was obtained by
making a linear fit in the drop zone of the curve and obtaining the intersection point with the X-Axis using the line
equation (Y = mX + b).
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5. SEM Analysis

Figure 38 and Figure 39 present the SEM analysis showing the polycrystalline films, with distinct grain
size distribution, produced in section 2.5 and section 3, respectively, of Results and Discussion.

1M 15M

100 °C

120 °C

d)

Figure 38: Influence of annealing temperature on MAPDbIs thin films morphology and grain size, deposited over
mesoporous TiO2. Films deposited with solutions and substrates at 70 °C by two-step program spin coating, 1000
rpm for 10 s and 6000 rpm for 20 s, dropping 150 pL of chlorobenzene in final seconds, using 1 M, a), ¢), and 1.5
M, b), d), solutions. Annealing step accomplished for 1 h for each temperature.

Compact TiO2

b) <)

Mesoporous TiO2

e) f)

Figure 39: MAPDIs thin films morphology and grain size, deposited over a)-d) compact and e)-h) mesoporous
TiO2. Films deposited with solutions and substrates at 70 °C by two-step program spin coating, 1000 rpm for 10 s
and 6000 rpm for 20 s, dropping 150 pL of chlorobenzene in final seconds, using 1 M solution concentration.
Annealing step accomplished at 100 °C for 1 h

a)

9) h)
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6. Polycrystalline Grain Domain Size

Table 11 and Table 12 represent the polycrystalline grain size of films produced in section 2.5 and
section 3, respectively, of Results and Discussion.

Table 11: MAPbIs polycrystalline grain domain size deposited over mesoporous TiO2 and annealed at distinct
temperatures. Size determination based on an average of ten measurements per sample using CoreDRAW

software.

Grain Size M 15M
(hm)

100 °C 3.55+0.54 -

120 °C 2.89 + 0.46 6.87 £ 0.90

Table 12: MAPbDIz polycrystalline grain domain size deposited over Li* doped and non-doped compact TiO2 and
Li* doped mesoporous TiO2. Size determination based on an average of ten measurements per sample using

CorelDRAW software.

Grain Size Compact Li* Doped Li* Doped
(um) TiO2 Compact TiO2  Mesoporous TiO2
1M 7.99+1.41 571+1.23 7.37 £1.55
100 °C 99+ 1. TJ1+1 37+1.
15M

+ + +
120 °C 594 +0.78 9.72 +£2.90 6.21+1.23
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7. EDS Analysis

The EDS analysis were performed on complete solar cell structures (without Au contacts), to prove the
presence of all layers. These EDS spectra are part of section 3 of Results and Discussion results.

cps/ev

cps/eV
0]
_ 1.4

cps/eV

1.2

1.0

Pb

8
keV

<) d)

cps/eV 0 cpsfeV

|
1 Si Pl SnlTi Cu Pb

e)

Figure 40: EDS analysis of MAPDbIs thin films, deposited over Li* non-doped (&), b)) and doped compact (c), d))
and Li* doped mesoporous TiO2 (e), f)). Films deposited with solutions and substrates at 70 °C by two-step
program spin coating, 1000 rpm for 10 s and 6000 rpm for 20 s, dropping 150 pL of chlorobenzene in final
seconds, using 1 M, a), c) and e), and 1.5 M, b), d) and f), solutions. Annealing step accomplished at 100 °C and
120 °C for 1 h for each temperature.
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8. AFM Analysis

The 2D AFM analysis enabled the study of surface topography uniformity, being a complementary
study to section 1.3 of Results and Discussion.

a)

Figure 41: AFM images of a) FTO coated glass, b) FTO coated glass with approximately 30 nm of TiO2 and c)
FTO coated glass with approximately 30 nm of ZnO, deposited with final defined conditions. Rms determination in
data analysis software Gwyddion.

9. XRD Spectra

Here it was studied the perovskite phase depending on annealing temperature and precursor solution
concentration. This is a complementary study from section 2.5 of Results and discussion.
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— 1M, 120°C
—1.5M, 100 °C
— 1M, 100 °C
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Figure 42: XRD analysis of MAPbIs thin films using 1 M and 1.5 M solutions, deposited over compact TiOz,
annealed at distinct temperatures. In XRD spectra, the tetragonal perovskite phase is identified by a full circle, the
Pbl2 phase is identified by an asterisk and finally the CuSCN and FTO phases are identified with a cardinal and
rhomb respectively.
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10. IV Solar Cell Performances

This section presents some selected IV performance results of cells with lower efficiencies, mostly due
to the lower currents and fill factors. In this way, this section is part of solar cell characterization
(section 3 of Results and Discussion).
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Figure 43: IV performances of solar cells built over a) doped and non-doped compact TiO2, b) compact TiO2 and
¢) mesoporous TiO2. MAPbIs thin films deposited under chosen conditions as well as ETL and HTL layers.
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11. Solar Cells Images

Figure 44: MAPbI3 thin film deposited over a) FTO substrate and b) compact TiO2 with chosen conditions. Light-
grey film color of figure a) means the formation of multiple pinholes.

Figure 45: MAPbIs thin film deposited over compact TiO2 substrate with chosen conditions using 1 M (left) and 1.5
M (right) solution concentration, annealed at a temperature of 200 °C for 1h.

Figure 47: Solar cells batch of perovskite films deposited over compact and mesoporous TiO2 ETL using 1 M and
1.5 M solutions concentration.
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