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Chapter 1

Introduction



1.1 Motivation and Bckground

Nanotechnology research has achieved great attention in the last
decades. Nangized materials present excellent and unique optical,
electrical, magnetic, cataftic, biological, or mechanical propertjé$.
Theefore, nanomateaals can implicate in several fields such as chemistry,
sensors, biotechnology, electronics and s¢28]

Currently,one of themost active nanotechnology research is based on
nanoporousmaterials synthesized by electrochemical techniques, such as
nanoporous anodic alumina (NAA). NAA prepared by aluminiunratelsst
anodization possesses exceptional chemical, optical and mechanical
properties, for example, chemical resistance, thermabikty hardness,
biocompatibility and large specific surface gigaNAA is an excellent
platftorm to develop applications as cell adhesion and culagd,
chemical/biological sensigg10], drug deliveryl1,12]energy generation
and storage and template synthefiSc16]

NAA offering exciting new possibilities e field of renewable energy
production/conversion and storage. Focusing on the use of NAA as energy
generation devices, it is necessary that theseiadsvalso meet the same
requirements of sustainability and efficiency, making the entire process of
geneation and consumption of energy as clean as possible.

Approximately 80% of global energy consumption, which includes
supplying 65% of global electncgeneration comes from fossil fuels (coal,
oil and natural gag).7] Reducing our dependence on these energy sources
by moving to renewable ones such as wind and solar will enable a notable
reduction in carbn emissions. If humanity does not act quickly to reduce

emissions of greenhouse gases, particularly cadioxide (Cg) released




through the burning of fossil fuels, we face devastating consequences.
Fortunately, society is increasingly aware of the usdgestainable energy
sources that protect the environment, such as solar energy.

The Sun is the mainwae of visible light and the most significant source
of radiant energy that hits the Earth. The total solar irradiance hitting the top
of the Earth'sastmosphere is around 1361 W#{18] This energy can be used
for heating, by plants for the process of photosynthesis and for generating
electiicity. Nowadays, solar energy is one of the mugbrtant renewable
energy for getting a future sustainable.

Organieinorganic hybrid perovskites (OIHPs) have drawn tremendous
research attention in the past years because of their various advantages for
photovoltaic (PV) applications such as large abswrptoefficient19]
suitable bandgaff20] excellent crystallinifgl] and long carrier diffusion
length. To judge the feasibility of the commercialization of photovoltaic
technology, three factors are usually considered: cost, efficigntgtability.

The power conversion efficiency (PCE) of a PV device is a measure of the
percentage of light incident upon it that is converted into usable electricity.
Perovskite solar cells (PSCs) are predicted to betsibecause of their low
materialand fabrication costs. In a few years, its PCE almost reaches the value
of silicon star cells. However, stability still requires further development.

This thesis aim is focused on the use of NAA technology to develop
nanostructured perovskite solar cell€onfining perovskite nanocrystals
within NAA considerably increasds stability beause NAA templates
propitiously serve as an encapsulatjig@] Therefore, first, the
familiarization process with the manufacture and characterization of NAA, as

well as of higkefficiency PSCs, by known standard methods were conducted.




NAA has not ettric contact between the interior of the nanopores and the
aluminium substrate. It is due to the-poduced compact oxide layer
(barrier layer) at the nanopore bottom. So, the first goal achieved is to
remove this thick barrier layer under controlled aizaéion conditionswith

this structural modification, electric contact between the aluminium of NAA
substrde and the possible infiltrated materials within the nanopores is
reached. Also, the objective of infiltrating the different materials that form
the PCSs with a specific height and homogeneous among all the nanopores is
studied and attained.

The starting fipothesis in thig?hD.dissertation is that by confining the
PSC structurvithin the nanopores of NAA, its performance and durability
can be improgd. This hypothesis requires to demonstrate the feasibility of
such nanostructured PSCs. The goal of thisk wagll be to check this
hypothesis by achieving full working nanostructured PSC for the first time and
measuring/studying their propertiesn this PhD essay, the design and
fabrication of an energy generation device founded on nanostructured

perovskite slar cells based on NAA technology are presented.

1.2 Summary
Thethesis is organized as follows:

In chapter 2, the fundamentals of the nanopor@modic alumina are
explicated. Going htough its history, structure, electrochemistry,
anodization methods, structural characteristics and anodization parameters.
Also the fundamental®f the perovskite solar cells are expound&diing an
overview throu@ its history, structure, materialsgpgosition methods and

photovoltaic parameters.




In chapter 3, the experimental methods employed for preparing
nanostructures based on anodic aluminium oxide are defined. Additionally,
the experimental methods used foramufacturing higkefficiency perovsket
solar cells, which will be the reference cells of this thesis, are described.

In chapter 4a new method for the removal of the thick barrier layer in
nanoporous anodic alumina without removing the aluminium sutesisa
bestowed.

In chapter 5, a noveype of perovskite solar cell device on a metallic
substrate, using nanoporous anodic alumina ae@osureis presented. The
experimental methods used for infiltrating distinct kinds of materials within
the nanopoous anodic alumina membrane, which foar layer was
previously removed, are explained. A nanostructured perovskite solar cell
device is manufactutg and its current densityoltage characteristics are
measured.

In chapter 6, the optimization of the narmstured perovskite solar cell
deviceobtained in the preceding chapter is investigated. Several changes
were introduced to achieve a solar cell with bettarrent densityoltage
characteristicsThe experimental part of this chapter was carried odhé
CIDEMAT group of théniversity ofAntioquiafrom Medellin (Colombia)

In chapter 7, the general conclusions of the thesis and the overall results
achieved during this research are summarized. Also, future works related to
this research are added.

Follaving, there are twappendixes. The appendix | and I, in which the
characterization and the thifiilm deposition techniques used in this thesis
are briefly explained, respectiveit the end of the document, there is a list

of the references used to cgrout this work.




Chapter 2

Fundamentals of Nanoporous Anodic
Alumina and Perovskite Solar Cells



In the following chapterthe fundamentals of the nanoporous anodic
alumina are explicated. Going hrbugh its history, structure,
electrochemistry, anodization methods, structural characteristics and
anodization parameters. Alsiie fundamental®f the perovskite solar cells
are expoundedGiving an overview through its history, structure, materials,

deposition methods athphotovoltaic parameters.




2.1 Fundamentals of Nanoporous Anodic Alumina
2.1.1 Brief ktory

Aluminium exposed to the atmospheric aieates a natural protective
layer of aluminium oxideAgQs, alumina). At the beginning of the ‘20
century, the aluminim anodization process (an electrochemical process in
which the chemistry surface of the aluminium is changadxidation using
an electrolyte to produce an anodic oxide layer that is thick enough to avoid
further oxidation) was uselaly industry mainlya protect metal components
from corrosiofi23] and with decoratve propose$24]

Howeverwith the discovery of the electron microscopy, Kedteal[25]
characterized the anodic alumina structure for tirstftime in 1953. Téy
describe the nanoporous anodic alumina (NAA) structure such as a
hexagonally arranged arrays of pores in the nanometre range (nanopores).
which, the diameter of the nanoporeB,J and the interpore distancé:,
the distance between the centres atljacent pores) are proportional to the
anodization voltagel), which led to an increased interest in research on
NAA

Several theoretical models about pore nucleation and growth in NAA
have been suggestddpc31] but the actual mechanism of NAA growth has
yet to be completely clarified. The first theoretical models were developed by
Diggleet.alin 1968[26] Subsequently, Thomson and Wood provide a better
understandhg of the growth mechanism of4[27,28]In 1995 Masuda and
Fukud4$32] developed a twestep anodization process, this fatation
process is a cheap way of fabricating nanoporous structures based on
aluminium oxide, which marked an inflexion poinNiA history. In 2002,

Nielschet al.proposed an empirical rule that selfdering of porous alumina




requires a porosity (P¥ about 10% irrespective of the anodizing potential,
electrolyte composition and anodization conditi¢83] Latermany different
types of anodizatiotechniques have been establishi@d¢36]

Depending on the electrolyte chemical nature (neutral or acid) used in
the anodization process a different type ofdcan be formeda nonporous
also calledarrier type and a porous also called nanopomusdic alumina
(NAA). In the noporous, the anodic oxide layer is compact, thin, amorphous,
wearresistant and behaves as an electrical insulator. In the porous, the
anodic oxide layer is thick and por@8%] Figure 2.Idisplays the formation

diagram of both types of membranes.

I
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(1]
(8]
o
| -
(=}
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Q
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Figure 21. Formation diagram of neporous and porous NAA by aluminium through
the anodization process.




Inthe last decades, many researchers have focused on studying NAA for
its use as templates in a great variety of nanotechnology applicf88q#&2]

Due to itsstability, costeffective scalable production and highly tuneable
properties can be obtained templates for nanofabrication with desired
geometrical featuref43¢45]

NAA has attracted scientific attention in its use not only as a template for
fabricating structurally wetlefined nanostructures (nanowireg46]
nanotube$47] and nanodotg}8] viaelectrochemical, physical and chemical
deposition method into NAA, which allows the enhancement of magnetic,
electric, catalytic, optical and sensing properties of the deposited materials,
due to the small size and higspectratio of the obtained
nanostructureq449] But also, NAA is a starting material for developing-high
performance sensors, photonic, energy harvesting and memory dé»ies.

54]

Nanostructured materials have opened a promising way to future
renewable energy sources with high conversion efficiency, especially
nanostructured solar cel[§5¢57] This kind of solar cell uses the advantages
of nanostructured gratings for the improvement of light trapping or capturing
capacity into the substra®8,59] The nanostructured devices reduce the
volume of semiconductor materials and enable beneficial optical
management, novel conversion mechanisms and improvement of carrier
generation and collectiof80¢c62] These technologies arexpected to

contribute significantly to a sustainable future for the next generd@ap.
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2.1.2 Unit Cell Structure and Chemiaainposition

NAA has a honeyconiifie structure in which theexagon is the unit cell,
NAA is formed bynumerous hexagonal celldFigure 2.2a) shows
schematically an idealized NAA honeycdikd structure. Ifigure 2.2 b}he
main parameters (explained in more detail in section 2.1.5) which describe
NAA structurf25,37,64,65]are marked: Interpore diahce Oni), pore
diameter D), pore wall thicknessly) NAA thicknesd), pore density (),
porosity (P) and barrier layer thicknegs)(

Figure 2. a)NAAhoneycomb structurdd) NAA structure main parametets:NAA
thicknessDy: pore diameterDi: interpore distancely: barrier layer thickness and
Tw: pore wall thickness.

Every cell encloses, as can be sedigume 2.3three parts: An inner layer
(which can be considered the skeleton) which consists of agheal layer
formed by the bordering internal walls. An outer layer between the central
pore and the inner layer and an interstitial rod inside the inner layereat th
triple cell junction. The inner layer is composed of pur@4nd the outer

layer is cenposed of ADscontaminated with impurities (anionic species
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phosphate, sulphate, oxalate, etc.) from the electro]¢®. Figure 2.3 b)
exhibits the scanning electron microscopy (SEM) picture of NAAetop

a) , | b)

-~ Innerlayer

—p

«—+~ Quter layer ——»

\/

Contaminated Al,O,

D Pure Al,O,

D Electrolyte/air

Figure 23. a) Top andb) crosssectional views of NAA pore showing the chemical
composition distribution inside the nanopore watlsTop SEM view of NAA. The
scale is indicated in the picture.

The thickness rati@f inner and outer layers (ri/o) depends on the
electrolyte in he order: sulphuric acid {8Q) < oxalic acid @d>0s) <
phosphoric acid (#?Q) < chromic acid @€rQ).[67] Also, Hanet al.
demonstrated that the anionic impurities incorporated depend on the
anodization ime and the electrolyte concentratid68] They reported that
electrolyte concentration decrease along the pore, so the contaminated area
will be thicker on the top fathe pores. Besides, one important property of

these layers is that the outer layis less resistant to chemical etching than

12



the inner layer, which prevents the structure from collapsing even at high

porosity.

2.1.3 Electrochemistry dfanoporous AnodiAumina

Aluminium oxidation can be controlled by the electrochemical aluminium
anodization process. Anodic films are formed on aluminium by passing a
direct voltage ()) through an electrolytic solution (aqueous solution of acid,
e.g.,H:SQ, GO, and RPQ). Aluminium works as the anode and a material
that will not be affected by # electrochemical process (usually a platinum
wire) is used as the cathode.

The appliedJ generates a high electric field) (across the prexisting
thin oxide film @ the surface of aluminium (natural protective layer). Under
E the negatively chargechions (3 and OH) of the solution migrate to the
anode in which aluminium will be positively charged with consequent
electrons lost. If &, which is different dependg on the electrolyte used, is
applied between the cathode and anode, pores nucleaté start to grow
on the aluminium surface. NAA membranes are generally formed under
constantU or constant current density))(conditions. Under a constablt a
typicalanodizationJversus timet( curve, as is showed figure 2.4can be

divided into foulNAA growth stagg80,31,6%,71]
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Current DensitymA/cnf]

0 1 1 1 1

0 Time [s] 800
Figire 24. Current densitys time curve duringnanoporesformation, which is
divided into four stage$) A film of AIO; starts to grow and forms a compact barrier
layer, Il) pores start togrow, lll) the anodizing process continues aiid)
arrangement of pores occurs and continues to grow.

Stage ,|the compact oxide (also known as barrier layer) grows as a result
of the fieldassisted migration of Dions through the compact oxide itself.
But this process reduces the growth rate gradually with increasing thickness,
as for increasing thickness and fixed potential, the electric field is reduced. (|,
figure 2.4andfigure 2.9

Stage llas the compact ade thickness reaches a relatively \madue and
the current is greatly reduced, the electric field becomes too weak to
promote ion migration. However, the compact oxide is not completely
uniform and has points where the thickness is smaller. At thoséspthie

electric field is enhanced cagmming the average value for the complete
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barrier layer. This enhanced electric field can permit the ion migration and at
the same time to promote oxide dissolution, localized at the thickness
inhomogeneities. Thesab processes produce the nucleatiortlué pores:
the formation of concavities at random points on the oxide surfactigqie
2.4andfigure 2.5

Stage lllat the beginning of the pore growth, the rate of the local
dissolution of the oxide at theucleation sites is bigger than the rateogfde
formation. This is probably caused by a local increase of the temperature at
the nucleation sites, because of the higher current at those sites. Some
authors also mention that the higher local electricdfishproves the local
dissolution of the oglie. As a consequence, the thickness of the oxide is
reduced, increasing the observed current. The concavities become deeper
forming a pore. (lifigure 2.4 and figure 2)5

Stage IVthe increase in current causés turn, an increase in the rate of
oxideformation at the bottom of the concavity. When the two rates become
equal two dynamic processes happen at the same time: i) local dissolution of
the barrier layer at the oxide/electrolyte interface at the bottofrihe pore
and ii) local production of loaer layer oxide at the metal/oxide interface at
the bottom of the pores. These two simultaneous processes are the
responsibility of the steady growth of the pores starts. figre 2.4and
figure 2.5.
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AlL,O,
. Aluminium

Figue 25. Schemat of NAA growth process under constant voltage condition.
IV Morphology development with anodization time increasing.

The growth mechanism in steadfate (IV) is the result of competing
oxidation (AlOs formation at the aluminiuroxide interface) ad dissolution
(AbOs dissolution at the oxidelectrolyte interface) through the anodization
process. Although it is not clarified, some possible reactions that are probably

taking place have been report¢2¢76]

Equation 2..hows the overall oxidatiereduction (redox) reaction that
takes place during anodizing, it is the sum of the separate reaeti@ach

electrode.

¢coa cOu O 0 (o4@) (2.2)
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The process starts with the heterolysis dissociation of wetgration
2.2).

col o o 2.2)

The G and OHanions under the influence of the electric fiel)(leave
the oxideelectrolyte interface and migrate through the barrier layer until the
aluminiumoxide interface. When 2 arrives at the aluminiuroxide
interface, the metalti aluminium is oxidize@@uation 2.2 and forms AlOs
(equation 2.3. The A and G ionic transport at the anode is illustrated in a

schematic diagram ifigure 2.6

dBa © Ha o0 (2.3)
¢o a o O 0 a (24)

H" in contact with ereleased from the dissociation of water forms H

(equation 2.4.

) ¥Q © o (2.5)

Electrolyte
Al,O4

. Aluminium

Figure 2. Schematic diagram illustrating the ionic transport in porous anodic films
on aluminium.

17



2.14 Anodization Methods

Porous NAA membranes can be manufactured ukffegent anodization
methods toobtain membranes with specific characteristics. In this section,
the most used methods are described: hard anodization @md) mild

anodization (MA)

2.1.4.1 Hard Aodization

For a given anodizinglectrolyte, there isa breakdown potentia(Uy)
value (27 V, 50 V and 197 V foSB, H.GOs and HPQ, respectively)/7¢
79] above which anodization is difficult to maintain due to the local current
flow and consequent Joule heating which proekilocal burningdA uses
voltages above)[70]. This anodization produces NAA films faster and with a
higher porous anodic layer growth rate than using [BIA.However, the
substrate can be daaged because of the high voltage employed. For this

reason, HA is not used for nanotechnglogsearch.

2.1.42 Mild Anodization (Tw&tep Anodization)

Masuda and Fukuda developed in 1995 theOdof f S Rtepd (i g 2
Fy2RAT I G A[22y for fabi&iSNAA membranes with a highly
ordered arrangement of uniform nanopores. They found that g lo
anodization process produces an almost ideally arranged honeycomb
structure since the pores at the bottom start to be ordered in hexagonal
arraysin the first anodization step, NAA membrane with disordered pores at
the top but with ordered pores at tHeottom is obtainedfijgure 2.7 b). After,

NAA membrane (disordered pores) is removed resulting in-patterned

aluminium surface with a sedfranged array of concavities (which will act as
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the nucleation points in the second stefiiglire 2.7 d In the second
anodizationcarried out at the same conditions as the first one, the pores
start to nucleate at these concavities and form a-aetinged arrayfigure
2.7 d). With this method is possible to obtain uniform pore diameddgr#&nd
interpore dstance On:) that can be easily tuned by the selection of

appropriate anodization conditiofig0,80]

- : b 4
. ALLO, @
Dissolution

Nucleation points

Second Step AlLO,
. Aluminium

Figure 2Z7. Conventional twestep MA process for sedirdered porous NAAA)
Aluminium substrateh) disordered nanopores) patterned aluminium surface and
d) ordered nanopores.

2.1.5 Ructural Characteristics and Anodization Parameters

The structural characteristics of NAA template: interpore distabDa (
pore diameter @), pore wall thicknesdy), NAAthickness(), porosity (P),
pore density () and barrier layer thicknes$uf, can be controlled by the
following anodization parameters: electrolyte type, total current cha@e (
and anodization voltageU).[25,37,64,65]For ideally ordered NAA, the

following relationship can be drawn by simple geometric consatien:
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0O ©O CcY&a (2.6)

0 Y& & (2.7)
0 Y a (2.8)
0 —= — pTmimP (2.9)
” —— pT Ed (2.10)
Y i (2.11)

The Interpore distance(Dn:) is the distance between the centres of
adjacent pores. It is directly correlated with {hare diametenD,) and the
pore wall thicknes§Tlw) byequation 2.6 D, is the diameter of the poref),
and Gwcare linearly proportional to the anodizing voltagk ljyequations2.7
and2.8, respectivelywith proportionality constants;f of approximately® =
1.29 nm/V and@: = 2.5 nm/M30,70] D, and Dbx values depend on the
anodization conditins.D, can range from 20 to 200 nm aigh from 50 to
500 nm under MA conditions, depending on the applied voltafjigure 2.8

shows.
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Figure 2B. Relationship between;and U (deeped line) and between and U
(grey line) under MA. In sulphuric (green csglexalic (blue circles) and phosphoric
(orange circles).

NAA thicknesf) is proportional to the total current charg®)(involved
in the electrochemical oxidan[81,82] Therebre, the depth of oxide
nanopores is easily tuneable from a few tens of nanometres up tréds
of micrometres by controllin@.[30,83]

ThePorosity(P) can be defined as the ratio of the surface occupied by the
pores of the total substrate giace. Under MA conditions, porosity follows
rule and is always about 1(08&] P can be correlated witli, and Dint by
equation 2.9 Thepore density p), is the number of pores that can be found
in a specific area. The relationship betwégmand Dntcan be expressed by

the equation 2.10
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During he aluminium anodization, a very thin, dense and compact
dielectric layer is formed at the pore bottonThis layer callebarrier layer
(To) is one of the most important structural parameters of NAA for
understanding the kinetics of the electrochemicaidation of aluminium.
Like other structural parameter is directly proportionaUtoy equation 2.11
with a proportionality constant &) of approximately 1.3 nm/V for
MAJ30,70]

The pore diameter, wall thickness veed| as the barrier layer thickness of
the asproduced NAA can be easily altered by gesatment procedures
involving chemical etching, it is known as pore widening. It consists of
immersing the aodized substrates into a phosphoric acid solution (5% wt.
concentration) at 3%C for a controlled period. This acid will dissolve the pore
oxide walls[84,85]

2.1.5.1 Electrolyteype

NAA can be easily fabricated by anodization of aluminium in different
kinds of electrolytes, such as sulphuric acidS®)[86], oxalic acid
(H2G:0O4)[87], phosphoric acid @PQ).[88], and chromic acid g&rQ).[27]
However, for neutral electrolytes with pH in the range @f,%nly barrier
type alumina thin film can be formed. This work is only focaselde former
porous-type. The temperature, concentration and pH of the electrolyte affect
strongly to NAA structural characteristics.

The electrolytdemperature(T) is a crucial parameter take into account
since during the anodizing process an increasemperature is mbable to
occur because of local heatif@,90] This temperature increase can result

in the rapid dissolution of the pore walls dwethe burning phenomenon.
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Besides, the pore growth rate and pore diameter are affected by this
parameter, decreasing asis reduced. High temperatures lead not only to
faster growth rates but also to a high dissolution rate of formg@:Athich
promoteslarger pore491,92]For high anodization voltages, the electrolyte
temperature can be kept below°C by adding a certain qu#g of ethanol
(GHsOH) to the acid aqueous solution. Another parameter that aftbets
pore growth rate is the stirring rate of the acid electrolyte since this ensures
that the diffusion of the ionic species and the temperature inside the pores
are homa@eneous during the anodization process

The pore diameter}) is mainly affected byhe electrolytepHin which
value is given by the acid type and its concentration. Low pH values need low
anodization voltages, which implies a reduced dissolution 6% Alhich
induce smaller pores. For this reason, pores are wider usiR@ tdnd

thinnerusing HSQ.[93]

2.1.5.2 Anodization Voltage
The pore diameter}) and interpore distancelXn) can be varied from

several to hundreds of nanometres mainly by changing the anodization
voltage U).[32,37,65,94,95]t is restricted for a given electrolyte and its
concentration since i) is excessively high, thexide barrier layer usually
burns and the pore growth is not homogeneotikis phenomenon occurs
due to he conductivity increase in the oxide barrier layer at the pore bottom
tips produced by local heating, ionization of atoms that generate more
electrors due to energy from the electric field and breakdown of the oxide

barrier layer from preexisting cracks.
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To summarize, itable 2.1the most usual anodization parameters for the
three kinds of acid electrolytes most applied for MA are reported. Besides,
the average values of the resulting geometric characteristic are included. In

table 2.2 the relation betwen the anodization parameters and NAA

structural characteristics are indicated.

HSQ HGO: HPQ

Voltage V] 20 40 195
Temperature 1C] 5 5 -5
Concentration 0.3M 03M 1% wt.
Pore diameter [nm] 20 40 195
Interpore distance [nm] 50 100 500

Table 21. MA parameters for the mostly used anodizing electrolytes.

Dint Dp P ’ p Toi

pH h h h M K h
T - h Mk bh MK !
h h M K h h

Table 2. Qualitative relationship indicating the direéth 0 2 NJ AY@SNES
dependence between anodization parameters and structural characteristics of the
resulting NAAD.: interpore distanceD,: pore diameter,P. porosity, ,: pore

density,Ty: barrier lagr thicknessT: temperature andJ: anodizatiorvoltage.
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2.2 Fundamentals of Perovskite Solar Cells
2.2.1 Solar Cellv@rview

A solar cell, also called photovoltaic (PV, photo mémyig" and voltaic
mean"electric potential)’ cell is anglevice that generates electricity directly
from the visilte light through the photovoltaic effef26] Since the PV effect
was discovered by A. E. Becquerel in 188% process where a photorf o
energy is directly converted into electricity, scientists have developed
different technologies and have used different materials to leverage this
sustainable energy. The first operationalasaell, based on selenium or
coppergold junction, was repoed by C. Fritts in 18498] They obtained a
device with less than 1 % efficiency. However, the PV mechanism was not
understood since the sunlight was not pereelias a fuel. It came out in the
following years that the photwltaic effect had the same origin as the
photoelectric effect: the quantum nature of light, chiefly introduced by A.
Einstein in 19099] In 1941100], Bell telephone’s laboratories patented the
first silicon solar cell. In the following years, Bell's laboratories developed an
intense research activity to increase the efficiency of the sel&. The first
silicon solar cell which converted solar radiation into electrical energy was
reported with an efficiency of 6% by D.M. Chagtial.in 1954[{101]

The developmetof solar cell technology has gone through three stages,
whichare known as three generations:

1. Firstgeneration, based on silicon wafers (mono and polycrystalline).
Most solar cells and modules sold today are made of crystalline silicor, single
crystaline and polycrystalline silicon wafers with high purity. Nayad
technologies based on silicon has reacB&do of efficiency with silicon

single crystalgL02]
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2. Secondyeneration, based on thifiilm technology. In this approach, a
thin layer of active material, f@xample, amorphous silicon-&), cadmium
telluride (CdTe) or copper indium gallium selenide (CIGS) is deposited onto a
substrate, which not only reduces the usage of the active material and
consequently the cost, but also makes the cells more flexitdaver in
weight. Currently, technologies based on thim technology has reached
23.4% of efficiencjl03]

3. Thrd-generation refers to different emerging technologies which aim
is to produce solar cells with lower cost and higher efficiehleg. third
generation technologies normally include organiarscells (OSCs), quantum
dots solar cells, dysensitized solecells (DSSCs), perovskite solar cells (PSCs)
as well as muHlunction solar cells such as tandem solar cells, with a record
efficiency of 17.49404], 16.6%105], 12.3%106], 25.2%107] and
47.19%108], respectively.

In recent years, PSCs have become a promising PV technology, most
notable for their highpower conversion efficiencies and potential for cheap,
solutionprocessable, rotio-roll compatible module productiofi09¢112]

The incease in wdd-record performance of all solar cell technologies is
given infigure 2.9 as tracked by the National Renewable Energy Laboratory.
PSCs are the fasted¢veloping solar technology to date with an efficiency
that surpassed 25% the last year,iobhis aleady really close to the values

obtained for silicon.
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2.2.2 Perovskite Solaels
2.2.2.1 Perovskite Merials
In recent years, a crystalline mategalled perovskite has attracted a lot
2F FOGGSyGaA2y F2NJ dzaS Ay a2tk N OStftao
structure originally found for Ca®i{213] The same crystal structure is
present in materials with the generic chemical formulazABXvhich amA
cation is located at #height corners of the cubic cell an& eation, which is
smaller thanA, resides at the body centre, surrounded by Xi&anions
(located at the face centsg, forming a B{Octahedron, as illustrated figure

2.10114]Such materials are also called perovskites.

Figure 210. Perovskite crystal structureith the generic chemical formula ABX

Perovskite has been investigated in the past few decades for their
interesting and unique propertieBerovskite solar cells (PSCs) have become
the most promising alternative to replace silidmsed solar cells byore
costeffective PV technologies withattractive properties such as
transparency, colour control, flexibility, low weight and csg115,116]
Hybrid inorganiorganic metal halide perovskites, particular, have been
intensively studied as promisingaterials for nexgeneration efficient,
lightweight and lowcost thinfilm solar cell$117]In these hybrid perovskites
A= organic or inorganication (i.e., MA CHNH*, FA: CH(NR).*, Ry and
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Cs), B= metal cation (i.e., lead: Pbtin: SB*) andX=halogen anion (i.e., Cl

, Bror I). The main advantage of this materials is their direct bandgap, low
exciton bindingenergy (=2 meV), largebsorption coefficient (5.7x3€m?)
(enabling efficient light absorption in thin films, long diffusion length (~1 pm
in thin films), high electron and hole mobility {2820 cn#/Vs), simple and
easy fabrication techniqu¢$18,119] Also, the replacement of A and X
positions by different species allows tuning the optical and electronic
properties of perovskite films make them suitable for a variety of applications
and device structur¢$20]. Thus, organimetallic mixed halide perovskites

represent an ideahaterial for photovoltaics.

2.2.2.2PerovskiteéSolar Cellsublution

PSCs efficiencies have increased from [22%in 2006 toabove to
24.84122] in 2020 in singlgunction architectures. Therefore, PSCs are
currently fastestadvancing solar technology. With the potential of achieving
even higher efficiencies and very low produtttostsThe hybrid perovskite
made its debut in PVs in 2006 when Kojahalemployed CENH:PbBg as a
sensitizer on nanoporous Bi@ a liquid electrolyte based on D$&3],
realizing efficiacy of 2.2%121] In 2009, a power conversion efficiency (PCE)
of 3.8% was achieved by replacing Br WitB4], the methylammonium lead
iodide perovskite with thehemical structure of GNHPbk (MAPbS) was
incorporated into to act as the light absorbkr.2011, Imet al.achieved an
efficiency of 6.5% by employing perovskite nanogad on titanium dioxide
(TiQ) for improved absorption over conventional dy&25] In 2012, a
breakthrough came wén two different papers were published almost at the

same time. The first one, by Kahal.used spireOMeTAD as hole transport
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layer (HTL), which increased the PCE up to L.Z8pThe second one, by Lee
et al., replaced the mesoporous Ti@ith aluminium dioxide (ADs) as a
scaffold, leading to a PCE of 10[92¥] These reportsrevealed the
ambipolarnature of perovskites, thperovskite layer can not only absorb
light but also transport electrons out of the devjt&8129] In 2014,
DNNGT §f Q& 3 NP dzLI-catidl Lgerovdkif R(double catolr S R
composition) based on mixed organic cations of M@ FA It was found
that the bandgap of perovskite (MAJFA).xPbk can be tuned by changing
the FA* content in the compsition. The optimal absorption was obtained
from MAyeFA.4Pbk, with the best efficiency of 14.9%30] The report by
CorreaBaenaet al. demonstrated in 2015, that a PCE of 18% could be
achieved for planar architectures with Sr&® the ETL using a double cation
composition[131]Saliba and cavorkers further added a small amount of Cs
(A position) into the binary mixed cations 2016, forming a triple cation
configuration GgMAo.17FA.83)1ooxPb(b.sBro.17)3. The triple cation cells
provided PCEs up to 21.1982] In 2019, PCRvas raised to 23.7p633] by
improving the opertircuit voltage Vo9 and photocurrent. Currently, the
highest efficiency of singjanction PSC haxceeding 24.8%4.22]

In the last decade, several investigations have explored the effect of
solution concentratiofil34,135] precusor compositiofiL36], solvent
compositionfl37], postdeposition annealing temperatyti38], the
presence of additivg$39] and deposition methdd34,140] on the
morphology of perovskite thifilms. So, thecrystal size, morphology, and
orientation of perovskites in the active layers 8018 have all been found to
affect overall PSC efficiendyl1¢143] For example, nanoconfinement of

perovskite crygllization in mesoporougnclosure likely plays a role in
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guiding the crystallization process during PSC fabricadanoconfined
crystals exhibit, for example, depressed melting pHit#146] and
preferental orientations compared to bulk crystfld.7¢149] By controlling

the size and shape of semiconducting nanocrystals, have been achieved
advances nanoelectronics and photonidsinfina thinfilms can be used as
templates for the growth ofgrovskite nanocrystallites directly within device
relevant architecturefl 50,151]

2.2.2.3 Rotovoltaic Rrameters

The primary performancparameters of solar cells are the oparcuit
voltage Vog, the short circuit current densitysg, the fill factor EF and the
power conversion efficienclPCE which can be obtained from the typids
curve figure 2.13 in the dark and under staadd illumination (1SUN

intensity, 1000 W/rillumination with AM1.5G spectrum) conditions.

JV lluminated

R —JVDark

E — Power

E %

E‘ max\

2 p N
° max V
% \ oc
E Jmax M

O \I pp\

Jsc/

Applied bias [V]
Figure 211. TypicalVcurve with the solar cell photovoltaic parameters in thekdar

and under standard illumination at 1 SUN. The ratio between the areas of the small
and large rectangle is the fill factor.
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An external potential biad/) is applied to the cell while measuritg
current () responseVoc is the maximum voltage of a aolcell. It is defined
as theV at which the measured current is 0 mAfkric is the maximum
current density of a solar cell. It is that which the applied potential is 0 V.
FFmeasures the amount of power available to be extracted from the
device. ltis defined byequation 2.12in whichthe maximum power point
(Pnax Is the point at which voltag&ay) and current densityday) product

result in maximum power output from the dejit#2,115]

"0°0 (2.12)

ThePCHs the most important parameter since it describes the fraction
of maximum electric power output generated to the incident poviRCE
evaluates the deviceapacity to convert the incident photons in electrons
and can be defined gquation 2.13in whichR; is the incident light power
density (100 mW/cf 1 SUN AM1.5G.)

~
3

DLOO (2.13)

The meaurement of theJVcurve can be done with two different scan
sweeps, forward, which means frabzto Vocconditions, and reverse, from
Vocto kg Due to PCSgresent the secalledJVhysteresisis important to
perform theJVmeasurement in both ways,f@ard and reverselheJVcurve
taken with decreasing voltage (reverse scan) tends to exhibit higher currents

at each voltage than the curve taken with increasing voltage (forward scan).
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Several ideas have been proposed as the cause of this phenofd&zqn.
154]The idea that it is caused by ion migration is being accepted by more and
more researchers, but more work is still needed for better ustdaeding and

the avoidance of hysteredis55¢158]

2.2.2.4 Device Structure diVorking Principle of Perovskite Solar Cells

The PSCs devices fabricai®wvery similar to organic solar cells, with the
maindifference being that the organic electron accepting material is replaced
by an inorganic material. TypicalRSCs present artture in which the
perovskite layer (ligktbsorbing photoactive layer containing the donor and
acceptor material) is sandviied between two electrodes with different work
functions, an anode and a cathode. One of which is transparent (glass or PET)
to alow the incoming light to reach the photoactive/absorber layer and the
other one of which is a metal electrode to collect tfree charge
carriers[159,160]Commonly, materials used for transparent electrodes are
based on transparent conductive oxides (TCOs), sufthoasime-doped tin
oxide (FTO) or indium tin oxide (ITO). The metal electrode usually consists of
a thin metallic film like gdl(Au) or silver (A¢lL61] Besides, the perovskite
surface is coveredith selective charge transport layers. Atype electron
transport layer (ETL), e.g. titanium dioxide fl&d tin dioxide (82) and a
p-type hole transport layer (HTL), normally 2,2';Tatrakis[N,Ni(4-
methoxyphenyl)amino] 9,9' spirobifluorene spirooOMeTAD). To transport
only one type of carrier (and block the other) to the respective electrode for
extraction.Dependingon whether the perovskite is deposited an ntype

(ETL) or yype (HTL) semiconductor, the structure receives the name-of n
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p (normal) or g-n (inverted) PSC, respectivEly2,163]Both structures are

representedn figure 2.12

Figure 212 PSCs structure type® n-i-p andb) p-i-n PSCs architectures. TCO:
transparent conductive oxide, ETL: elestt@nsport layer and HTL: hole transport
layer. The dimensions of the layers do not correspond to #dlotiral thicknesses.

The ni-p typed PSC can be further categorized into mesoporous or planar
configurations based on the structure of Elé4] Bothdevice configurations
in general consists of five different layers which are: (1) TCO, (2) planar or
mesoporous ETL, (3) lighbsorbing layer based on perovskite materials
(400600 nm), (4) HTL (1€BDO0 nm) and (5) a metal electrode {550
nm)[117,165]

The mesoporous-np configuration pesents spaces within the ETL which
allow the infiltration of perovskite materials. The oxide compact (@380
nm) works as the hole blocking layer and the mesoporous layeBQD00m)
forms the secalled mesesuperstructure PSC, which is filled withe t
perovskite material The oxide compact layer is essential in both planar and

mesoporous PSCs to ensuhéghly efficient electron extraction and
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transporting from perovskite absorber to T{164] The advantage of
employing this configuration that it can providea larger contact between
ETL and the perovskite absorber layer which latter enables faster charge
transfer kinetic§166] The mesoporous ETL provides spaces for the
penetration of perovskite precursors and confines the perovskite crystallites
in the small vaime of nanopores. This will enhance the absorption of the
incident photon and subsequently, boosts the photocurrent generation and
increase device efficien¢y67]

In the planar A-p configuration, the mesoporous scaffold layer is
removed and typically uses a compact ETt8(®0m). ih this configration,
the perovskite layer is sandwiched between the compact ETL afdZdTL.
As already mentioned, PSCs are manufactured between two electrodes (a
transparent and dackmetal electrode). Most of them are prepared on a
glass/plastic subsite covered with a TCO and the metal electrode is
deposited on top of the structure. Alternatively, metal substrates can be a
viable alternative to TCO substrates, offering advantages sutfiglas
temperature control without the use of expensive [I168] When opaque
metal electrodes (metal foils) are used as substrates, a-tsansparent
electrode is depotd as the last layer of the solar d&k9,170]This semi
transparent electrode should have high transmission to let light to be
absorbed by the solar cells, espadly they should be transparent in a broad
wavelength range 0880-700 nm, high electrical conductivity to efficiently
collect carriers and soft preparation method in to not damage the below
perovskite and charge transport lay§t31l] The most commn seni
transparent electrodes are transparent conductive oxides prepared by

sputtering. However, in the case of PSCs, the sputtering process affects the

35




properties of the underneath layejs72,173]A dielectriemetal-dielectric
(DMD) multilayer has been developed as thedtectrode for PSCs. The DMD
consist of a combination of transition metal oxides QWD Q;, \LOs, etc)
and a metal (Au, Ag). Metal oxides and metals are thermally evaporated on
the top of the substrate[174¢178] Currently, PCSsn opaque metal
substrates have reached a PCE of 15%, byetalo who used an anodized
Ti foil as the bottom electrode and laminated graphene
polydimethylsiloxane transparent top electrod€9|

Asfigure 2.13shows,light (photon) is absorbed by perovskite and it
promotes the gener#on of an electrorhole pair, then carriers are separated
by the internal electric field and diffuse to proper direction due to charge
selective materials: ETLIGMTL. Finally, the extraction of those carriers to an

external circuit is obtained by the na¢tontact electrodes.

(3)Ce‘<-(-21- e- HTL
* Absorber

ETL :
1
I Metal
; contact

h —TZ—)—Ph (3)

Figure 213. Band diagram and main processes and PSC: (1) Absorption of photon
and free charges generatior2) (Charge transport and (3) Charge extracti@)]
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2.2.2.5 Perovskite Films Deposition Techniques

The deposition of the perovskite films is mainly based on the reaction of
their precursors: organic ammonium (MAX) and inorganic lead halidg (PbX
where X=1, Cl, Br. Th®st common deposin technique is the spiocoating

viaone or twostep method or antsolvent method120]
0 ODO® OO0 W (2.12)

The onestep method is based on tlee-deposition of both, organic and
inorganic, precursors through a solution. The perovskite films are deposited
by spincoating a mixed solution of PbXnd MAX inanhydrousorganic
solvents, e.g. N;Ndimethylformamide (DMF) andlimethyl sulfoxide
(DMSO)followed by thermal annealif@381]

The twostep method is based on the formation of Phkns, normally
by spincoating and their subsequent transformation into peskite films.

The transformation process can be done in different ways: dipping the PbX
films into MAX solutida82,183Jand spircoating MAX solution on top of the
PbX films[184,185]

The antisolvent method is based airipping asolvent (in which the
perovskite is poorly soluble) while the substrate is still spiningoor
solvent is poured onto the precursor perovskite film during spin coating,
causng the salts to precipitate out of solution into a smooth and compact
film. Theuse of antisolvents enhances crystallinity and allows us to have
better control of the perovskite morphologi37,186]

It is crucial todke into account the fact that perovskites films are very

sensitive to degradation in the presence of water and oxygen. Therefore, the
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carried out under specific conditions inlavg-box or a drybox.

The glovebox consists of a large box in which the air was removed and
replaced with an inert gas as pure nitrogep) @ argon (Ar)187]

The drybox is a lege box in which the humidity is kept less than 20 %

under a constandry-airflow.

2.2.2.6Pre andPostDeposition Teatments

The wettability of solutions and adhesion of evaporation can be improved
by the cleaning of surfaces and surface energy motidicgaused by an
Ultravioletozone (UVO) treatment. Heresabstrate is illuminated with UV
in air, leading to the formation of individual oxygen radicals that go on to form
Oz when combined with other Onolecules. Contaminants on the irradiated
substrdaes can undergo photoexcitation followed by a reaction wibne,
liberating any organic material from the surface of the subs{d38]

At the most basic level, most PSCs are baged a commercial thiilm
transparent conductive oxide (TCO) coated glass substrates, like fluorine
doped tin oxide (FTO) and indium tin oxide (ITOQ thinfilm of the
commercial ITO glasshkairates is covering the full glass surface. These thin
filmscan be selectively patterned with a fibre |laEE9] The |aer technology
is a process that uses a hiigitensity laser beam to vaporize the thin layer of
a film directly from the surface substrate. Removing a thin film from a
substrate creates a circuthat can be used in solar cells, liquid crystal
displays, @lsma displays, and toudensitive panels.

Most solvents will not be completely liberated from a filim until the

thin-film has been heated (annealing treatment), placed under a vacuum, or
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a combination of both. This heating is typically done in amaweon a
hotplate. In the context of perovskite solar cells, the same processes are used
to extract solvent from the film and to grow perovskite crystal grains. Upon
drying, stoichiometric perskite solutions will often immediately convert to
black film[190]
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Chapter 3

Manufacture of Nanoporousnodic
Alumina and Higkfficiency
Perovskite Solar Cells




In the following chapterthe experimental methods employedrf
preparing nanostructures based on anodic aluminium oxide are defined.
Additionally, the experimental methods used for manufacturing -high
efficiency perovskite solar cells, which will be the reference cells of this,the
are described. Furthermore, pexial focus on critical experimental details is

devoted.
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3.1 Nanoporous Anodic Alumina Manufacture

In this section, the experimental methods employed for preparing
nanostructures based on anodic aluminium oxide are riest The
experimental methods afgased on a tw«step anodization process to obtain
alumina layers of setirganized nanopores with specific structural
features[32] The nanoporous anodic alumina (NAA) substrates were

manufactured with a nanoporous layer thickness of 1 um and 650 nm.

3.1.1 Experimental Anodizati®etUp
3.1.1.1Electrochemical Cell

NAA structures were preparedy the electrochemical aluminium
anodization process described in section 2.1.3 of the previous chapter. This
process is based on electrochemical cell workin§igase 3.1shows a basic
electrochemical €l can be divided into the following parts: twearodes,
an anode (aluminium (Al)) and a cathode (platinum (Pt) wire), an electrolyte

(acid aqueous solution) and a power supply, which provides the driving force.

Cathode (Pt) Electrolyte
\\\h PowerSupply
[ ] [
| 7 /

\-

X m—

4

Anode (Al)

Figure 3l. Basic schematic diagram of the electrocheinwall for anodizing
aluminium substrates. Al: aluminium. Pt: platinum.
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The anode (Al) and the cathode (Pt) are immersed in the acid aqueous
solution (oxalic, sulphuriphosphoric acid) which is the transport medium of
the ionic species between both elemdes: H, AF*and G-. The power supply
provides the electrical potential) to ionize aluminium at the aluminium
oxide interface (anode) and generates electrons @ce the anodization
potential is reached the pores nucleate and grow on the aluminiu
surface[71,191]

3.1.1.2 CustorMadeElectrochemical Cell

To fabricate NAA structures and for their posterior structural moduitati
(expounded in chapter 4), different voltages (U) and currents (i) profiles
needed to be applied. To do so, several custoatde LabVIEW programs
were developed.These programs control and monitor the anodization
process, using several parameters suchamsdization time (t) and total
current charge (Q). The communication between the software, the computer
and the anodizing hardware.q., power supplies and mustieters) was
established employing a higpeed GPHBISB interface.

Figure 3.2displays the cuem-made electrochemical cell. Given the
deadly nature of the voltages used in the process (up to 200 V), PVC was used
as the material for the body of the cetideed, PVC possesses very good
electrical insulation properties as well as good chemicakaases to weak
acids. To avoid energizing the chassis of the cooling appd®iuthe
temperature and cooling control of the electrolyte was carried out thr@augh
glass serpentin€2), in this way maximum cooling efficiency and complete
isolation betweerthe deadly potentials of the electrochemical cell and the

cooling apparatus chassis are achieved. The anode was made from a
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stainlesssteelplate electrically indated by the bottom part of the cell’s body
(3).The aluminium substrat€d) were simultaneasly placed in contact with
the anode and the electrolyteia the container(5). A platinum wire(6)
immersed in the electrolytés) works as the cathode. As the temperature and
stirring in the anodization steps are very importfi®#2,193 a custoramade
stirrer controller(7) and a thermometer sens¢8)were assembled with the
help of a programmable miacontroller board (Arduino Unq)©) and a
computer(10). A high voltage capability (up to 200V) power su(ddywas
used for the andization, keithley2400 (k2400).

@ <
Figure 2. Experimental equipment used to fabricate NAApktes a) (3)Stainless
steel plate cover by Teflon a(@)aluminium substrates placed in a Teflon container.
b) (5) Teflon container with the electrolyte) (2) cooling glass serpentingg)
platinum wire,(7) home-made stirrer controller an¢B) home-made thermometer
sensord) (10) Computer and11)k2400.e) (1) Cooling apparatus.
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3.1.2 Fabrication Process

To obtain hexagonally ordered nanoporalamina membranes, NAA
substrates were prepared following the weditablished twestep
anodization pocess described by Masudgaal[32] After each step, a SEM
study of NAA substrates waswad out.

3.1.2.1 Eectrochemical Polishing

To achieve a homogenous NAA layer the commercial aluminium
substrates underwent a prieeatment before anodation. Several processes
of aluminium pretreatment exist, however, one the most known is the
electrothemical polishing (electropolishifd@4,195]Pure aluminium discs,
which were used as substrates, were cleaned attetone, deionised water
and ethanol (&4+0OH) to remove all the impurities and traces of residual
grease. In the electropolishing process,dhaninium substrate (anode) and
platinum wire (cathode) are submerged in an electrolyte solution, a voltage
is applied between them and the aluminium is oxidized. The electric field
generated on the aluminium surface is higher at the surface protuberances
than at the basins between adjacent protuberances, so the former dissolves
faster than the latter. The electyde solution used to electropolish the
aluminium substrates was an acid solution 4:1 v/i»H§@H and pechloric
acid (HCIQ at 20 V. The aluimium substrates and a platinum wire were
submerged in the electrolyte for 6 min under a constant stirring sa#50
rpm and at a temperature between 5 and AT[196] It is very important to
note that temperature control is crucial in this procesxe the oxidation
reaction is extremelyexothermic and can be explosive. Besides, if the

temperature reaches 2L can appearance defects on the aluminium surface
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[figure 3.3 d). Finally, the electropolished aluminium substrates were rinsed
with deionsed water and ££0OH to remove the acid solutiofihe result is a
mirror-like aluminium surface as can be seefigare 3.3 Figure 3.3 ajnd

b) show a commercial aluminium substrate photo before and after the

electropolishing process, respectively.

it

Figure 3. Commercial aluminium substrate photay before andb) after the
electro-polishing stepc) Electrepolished aluminium photo in which can see the
reflex of the mobile phone with which the photo was taken. (miikersurfaceq)
Aluminium substrate photo after the electropolishing at a temperature aroufl. 20

3.1.2.2 First Anodization Step

NAA can be prepared using several different electrolytes. As is explained
in section 2.1.5.1 NAA morphology and optical charestics depend on the
choice of this electrolytf66,197]

The first anodization step was carried out using a phosphoric aBi@jH
(1% wt.) solution as the electrolyte. The first step wasted at an
anodization potential of 175 V and an electrolyte tempeeof-5 °C. After
3 h, the anodization voltage was ramped up to 195 V (0.01 V/s). The

anodization was continued for 12 h at 195 V at the same temperature.
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In this step, the anodizatiosonditions are very important since is a long
process in which the ubstrate issubjecting a high potential. If the
anodization potential is 195 V from the very start of the process, current
builds up too fast and electric breakdowd)(occurs, burningie substrates.

For this reason, anodization was started at 175 \tesfiist induce the
formation of a protective oxide layer that prevents the burning substrates at
the beginning of the anodization. Also, it is observed that if the anodization
started ata temperature of less thad °Cthe substrates will be burned by
heat generated at the pore bottom tip$92,193]In figures 3.4 apnd b)

measured applied voltagestime andmeasured currentstime are plotted.
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Figure 34. a) Measured applied voltagestime andb) Measured current vs time
corresponding to the first anodization step.
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In the initialstep, as can be seenfigure 3.5 the nanopores grow in an
unordered wayFigures 3.5 ajndb) exhibit the top and crossection SEM
views of the formation of nordered nanopores, respectiveligure 3.6 a)
displays the electropolished aluminium sodandb) the anodized alumina

surface after the first step.

Figure 3. a) Top andb) crosssection SEM pictures of NAA after the first step. The
scale bars are indicated in each picture.

Figure 3. a) Substrate photos before arty) after the first anodization step. The
scale bar is indicated in the picture.

3.1.2.3Removal of Unordered Nanopores

To achieve an ordered pattern of the nanopores, when the first
anodization step finished, the alimum oxide (ADs) film with unordered
pores on the top and ordered pores on the bottom was selectively dissolved.

NAA layer was completely removed by chemical etching in a solution
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consisting of an acid mixture of chromic aciddid, 1.8% wt.) and 4PQ
for 1 h at 70°C Figure 3./ hows NAA substrat®) before andb) after the

removal of the unordered nanopores.

Figure 37. Substrate photoa) before andb) after the chemical etchind.he scale
bar is indicated in the piare.

3.1.2.4SecondAnodization Step

NAA can be prepared with different thicknesses, diameters and interpore
distances. In this thesis, substrates with two different nanoporous film
thicknesses were fabricated, 1 pm and 650 nm. The final nanoporous film
thickness depends ahe total amount of charge that has circulated through
the electrochemical cell in this step. The total charged needed was
determined via the linear relationship of total anodization charge and NAA
thicknesq81]

The second anodization step was conducted in a solutionRD k1%
wt.) at an anodization potera of 195 V and6.5°C. In contrast to the first
anodization step, in the second anodization step, the pores grow in an
organised way guided by the concavities on the patterned aluminium surface.
The area of a substraexposed to the electrolyte was B.€n?. To obtain
nanopores with a thickness of 1 um and 650 nm, the total charge employed

in this second anodization step was of 2.63 C and 1.71 C per substrate,
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respectively. Infigure 3.8 a)measured applied voltages time and b)
measured currenvstime are plotted.Figures 3.9 ayndb) exhibit the top

SEM views of NAA after the second step.
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Figure 3. a) Measured applied voltagestime andb) measured current vs time
corresponding to the second anodization step.

Fgure 39. a) andb) top SEM pictures of NAA after the second stége scale bars
are indicated in each picture.
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Figure 3.1@lisplays the crossection SEM views of NAA after the second
step using a total charge aj2.63 Candb) 1.70 C. From them, a nanopores

thicknesses of 1 um and 650 nm, respectively, can be estimated.

Figure 310. Crosssection SEM pictures of NAA after the second step using a total
charge of)2.63 Candb) 1.70 CThe sale bars are indicated in each picture.
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3.2 Perovskite Solar Cell Manufacture

In this section, the materials used for fabricating ‘effltiency
perovskite solar cells (PSCs) and -Né&ged perovskite solar cell devices
(nanostructured perovste solar cells, nPSCs) are described. Also, the device
fabrication process of two differenPSCs and their basic electrical
characterization is reported. These PSCs will be the reference devices of this
thesis. The most common-i#p architecture for fabcating PSCs is
related[198] The different layers that form theirp PSCs are transparent
conductive oxide (TCO), an electron transport layer (ETL), an absydyer
(AL), a hole transport layer (HTL) and a metal cofit86i. Figure 3.11
displays a schematic diagram of the previously listed layers for acaumirfig
the ni-p PSCs.

Metal
contact

Figure 311 N-i-p perovskite solar cell basic architecture scheme. TCO: transparent
conductive oxide, ETL: electron transport layer and HTL: hole transport layer. The
dimensions of the layers do notrrespond to their actuahicknesses
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3.2.1 Materials
3.2.1.1 Electron Transport Laydaterials

PSCs fabricated in this thesis were based on two different electron
transport layer (ETL) materials, titanium dioxideA)Ta@d tin dioxide (S
For he conventional flaPSCs devices (reference devices) fabrication, TiO
was employed for mesoporous devices structure while 8/ chosen for
planar devices structure. For nPSCs devices manufacture, ona$idsed.

TiQ is the most frequently ETL neaial used in the mascommon
reported PSCs, due to its suitable energy level, good optical transparency,
relatively high electron mobility and environmental stabjli4,200,201]t
is also a very good hole blocking layer due to its low lying valence band
edge[202] TiQ has several phases wherbet anatase phase has more
research significance for PSCs fabricd208)

Recently, Snfhas been evaluated as another promising ETL due to its
wide bandgap, high transparency and high electron molp2iidc206] Also,

SnQ nanoparticles have the advantages of possessing goodefirtitive
properties andhermal stability207] The phase of Sn@urrentlyapplied in
PSCs is the tetgonal rutile structure, which is the most important form of

naturally occurring Sn{204]

3.2.1.2Absorber Materials

PSCs devices prepared in this thesis were based on two different absorber
materials, methylammonium lead iodide perovskite s(Gi#Pbk, MAPD$)
and caesium formamidinium methylammonium leaadide bromide

perovskite (triple cation perovskite, CsSFAMAPDIBr).
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MAPDt is the simplest and most widely used perovskite absqas] It
has a high optical absorption coefficient, good eiealtransport properties,
favourable bandgap wvith is close to the optimum value for a siAgilection
solar cel[201] It has become one of the leading compounds for the
preparation of orgaig-inorganic hybrid perovskite solar cells.

Tripe cation perovskite films are thermally more stable and less affected
by fluctuating surrounding variables such as temperature, solvent vapours or
heating protocdR09,210] In this thesis, the triple cation perovskite
stoichiometry used is (FARBks(MAPDBg)o.14CsPh)o.os.

In this thesis, for the conventional flat PSCs devices manufadifiRit
perovskite was employed for mesoporous devices structure while
CsFAMAPDIBr perovskitas chosen for planar devices structure. For nPSCs

devices fabrication, both perovskites wesed.

3.2.1.3 Hole Transport Layer Material

Normally, most highly efficient €8 employ the small organic molecule
2,2',7,7*Tetrakis[N,Ndi(4-methoxyphenyl)amine] 9,9'spirobifluorene
(spircOMeTAD) as hole transport layer (HTL) material, which has laohegh
conductivity, mobility and a suitable HOMO energy I|R4d] In this thesis
the PSCs and nPSCs devices were prepared usin®@MemAD as HTL.

The spireOMeTAD has been optimized by incorporating some additives,
such as bis(trifluoromethylsulfonyl)amine lithium salution (LITFSI) and
tert-butylpiridine (TBHAR12¢214] In addition to completing the function of
HTL, the spir@ METAD serves the purpose (in the case of niRSes) of

covering and levelling the rough NAurface.
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Figure3.12 displays an energgvel diagram of the distinct materials

mentioned previously.
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Figure 312 Energylevel diagram showing the valence band (VB) and conduction
band (CB) levels of the different masdsiemployed in this thesis for fabricating PSC
and nPSC. TC: triple cation perovskite, (RRPIVAPDLBE)0.14CsPh)o.os.
[175,201,204,21&220]

3.2.2 Fabrication Process Using MABbIAbsorbeLayer

MAPb? perovskite solar cellsvere fabricated using modifications of
standard recipefl27,221]Several mesoporous PSCs devices were prepared
using fluorinedoped tin oxide (FTO) as the TCQ}» as ETL, MAPDI
perovskie as absorber layer, spi@MeTAD as HTL and Ag as back electrode
contact[222] Figure 3.13lisplays aschematic diagram of the mesoporous

device structure.

55



Figure 313 Schematic diagram of the mesoporous device using MAPbhé
dimensions of the layers do not correspond to their actual thicknesses.

3.2.2.1 BottonContact Cleaning

In a cleanroom, prpatterned 1.5 x 1.5 cm FTOs were employed as
substrates. All the substrates were carefully cleaned. First, they were brushed
with a sdution of Hellmanexsoap in deionized water, and following they
were cleaned with ultrasonication in three different solutions for 15 min
each. The solutions were Hellmanex soap in deionized water, isopropanol and
acetone. Then, the substrates were treateith a UVO cleangsystem for
15 min. The substrates cleaning is a critical step as it could lead to
unfavourable consequences in the final operation of the device and should

be done carefully.

3.2.2.2Titanium Dioxidas Electron Transport Layer
Ower the previously cle@ed FTOs substrates, three different ll&yers

were deposited223]
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Compact Titanium Dioxide

First a compact TiEXc-TiQ) layer was formed. A titanium diisopropoxide
bis-(acetylacetonate) (0.3 M, FRrO)(acac)) solution was prepared diluting
0.3 mL of TKPrO)(acac) in 1.7 mL of anhydrous isopropanol and filtered
6t ¢C93X ndH >YU 2 dzadiilteeSTHiPrGYAcadsolatiordza S @ n
were deposited by spinoating on the top of the previously cleaned FTO
substrates at 4000 rpm (1000 rpm/s) for 25 s toadtt €TiQ film thickness
between 20 nm and 30 nm. Then, the substrates were dried atQ&s 5

min and subsequentlyalcined at 450Cfor 30 min in a titanium hotplate.

Titanium Tetrachloride Solution
When the substrates had cooled down, after fhrevious calcination,
GKSe 6SNB AYYSNESR Ay (GKS TAf{GSNBR
tetrachloride (TiG) solution in 9% hydrochloric acid (HCI) atGfar 30 min
into a muffle oven. Then, the substratesre rinsed with water and-8s0H

and dried wih a strong airflow.

Mesoporous Titanium Dioxide

Finally, to deposit the mesoporous T(@-TiQ) layer, a solution was
prepared by diluting a commercial pas3é (im particle size) in28s0H, with
1:7weight ratio. It was left under stirred overnightdbtain a good solution.
40 pL of the mTiQ solution were spircoated at 6000 rpm (1000 rpm/s) for
30 s to obtain a ATIQ film thickness between 100 nm and 150 nm. Then,
the substrates were dried at 126for 5 min and subsequently were calcined

at 450°Cfor 30 min in a titanium hotplate.
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3.2.2.3MAPDt Perovskite as Absorber Layer

A 1.25 M MAPbprecursor solution was prepared, in afled glovebox,
from its two precursors: lead iodide (Bband methylammonium iodide
(MeNHI, MAI) using anhydrouglimethyl sulfoxide (DMSO) as the
solvent[224] To help bhe lead salt dissolution, 288.1 mg of -Plvere
dissolved in 500 pl of DMSO heating it atT&0r 10 min in a hotplate, when
the solution was a room temperature 99.35 mg of MAI were added.

MAPbiprS OdzNE 2 NJ a2t dziA 2y &1 & TFelitf useS NB R
It was deposited, in a-Milled glovebox, by the artiolvent method137]40
pl of the MAPRI precursor solution were dropped on the top of the
previously depsited layer and the substrates wespincoated with a twe
step program. First, at 1000 rpm (500 rpm/s) for 10 s and then at 4000 (500
rpm/s) rpm for 30 s. 10 s before the spinning process ends 100 ul of
anhydrous chlorobenzene were sjmoated right on te centre of the
substrate. The substtes were moved directly from the spin coater to a
hotplate at 100°Cand they were annealed for 45 min. The substrates turned
dark brown during the first minute of the annealing process as can be seen in
figure 3.14 The MAPK film thickness obtained vgabetween 400 nm and
450 nm.The perovskite layer formation is the most critical step in PSCs
fabrication.The deposition méiod requires practice since the astlvent
step is crucial. The solvent deposition shouldditedone too fast or too slow

sinceit could lead that some rings appear in the substrate.
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Figure 314. MAPb4 perovskite film photo.

3.2.2.4 Hole Transport Layer and Top Electrode

First, an additive solution was preparelde Bdditives used were thert-
butylpiridine and a bis(trifluoromethylsulfonyl)amine lithium salt (LITFSI)
solution, which was prepared by mixing 520 mg of LiTFSI in 1 mL of anhydrous
acetonitrile. The additive solution was made by adding 38.7 pL of tert
butylpiridine to 1 mL of drydrous chlorobenzene, then 23.7 pL LIiTFSI
solution were added. Secondlg, 60 mM spirelOMeTAD solution was
prepared by dissolving 73 mg of sp@MeTAD in 1 mL of the additive
solution[225] Subsequently, the solution was vigorously stirred and filtered
0 n ® HPTEE Yilter) before its deposition. Finally, the solution was deposited
dynamically by spiooating[226] 30 uL of 60 mM spir®MeTAD solution
were dropped, in a Nilled glovebox, on the top of the previous layer
deposited and the substrates were spmated at 4000 mqm for 30 s, to obtain
a thickness between 150 nm and 200 j285] Subsequently, FTO contact
was cleaned on two edges scratching away spieTAD and KPbs, then
the edges were further cleaned with swabs lightly wet with anhydrous DMSO
and immediately with anhydrous acetonitrile to rerad¥SO vapours since
they can damage the perovskite layer. To increase the oxidative doping of the

HTL, substrates werkept in dark in a dry air chamber overnight before the
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thermal evaporation of the top electrod227]The next day the substrates
were placed into the thermal evaporation chamber (vacuum pressure < 5x10
6 torr, in an N-filled glovebox) and 120nmm of silver (Ag) were thermally
evaporated using a shadow mask leading to 4 diodes for substrate each with

an active eea of 9 mm.

3.2.3 Fabrication Process Using CsSFAMAPDIBr as Allsopréer
CsFAMAPbDIBperovskite solar cells were manufactured employed
variations of standard recip¢®28,229]Several mesoporous PSCs devices
were produced usingrfO as TC@&GnQ as ETL, CsFAMAPQpBrovskiteas
absorber layer, spird@MeTAD as HTL and Au as back corfégire 3.15

displays a schematic diagram of the planar device.

®

O

Figure 315. Schematic diagram of the planar device. The dimensions of the layers
do not correspond to thir actual thicknesses.

3.2.3.1 Bottom contact Cleaning
In a cleanroom 2.54 x 2.54 cm ITO (indium tin oxide) coated glasses were
uses as substrates. The commercial ITO substrates were undergene pre

treatment before the cleaning. The ITO thin film wasegrattd by laser
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scribing lines. The pattern was perfornveith these conditions: 50 % power,
1000 mm/s, 55 kHz, to remove an ITO portion of each cell. Afterviaeds,
substrates should be blown with airflteremove the generated dust in this
processFigues 3.16 agndb) exhibit a commercial ITO coated glpissures
before and after the annealing pattern, respectively. The ITO film is
represented by green and the removed ITO portion by white. Subsequently,

all the substrates were carefully cleaned axdained in sectio8.2.2.1

a) b)

Figure 316. Commercial ITO coated glagdefore andb) after annealing pattern.
The ITO film is represented by green.

3.2.3.2 Tin dioxide @&ectron Transportayer
Over the previously clead ITOs substratestia dioxide(SnQ) thin layer
was deposited by a twstep method described by Anarakial [230]

TinDioxideChemical Bath &position

First, Tin (II) chloride dehydrate (0.048 M, $88i0O) solution was
prepared by diluting 28 mg of SpCHO in 2.54 mL of ipsopanol previously
filtered. 80 pl of the filtered SN2HO solution were spiooated on the top
of previously claned ITO substrates at 3000 rpm (1000 rpm/s) for 30 s to
obtain a SneXilm thickness about 30 nm. Afterwards, they were annealed at
180 °Cfor 1 h in a hotplate. Subsequently, the substrates were submerged
for 3 h in a chemical bath at 70 °C (muffle ovmmposed of 2.5 g of urea,
p n > fmer2aptopoopionic acid, 2.5 mL of HCIl and 540 mg o0$-3HRK0)
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in 200 mL of deionized water. Theabstrates were washed with deionized
water and dried with an airflovit is crucial to wash the substrates with a lot
of water and dry it well to avoid the appearance of white spots on the
substrate surfaces. Finally, the substrates veemeealed at 180 °for 1 h in

a hotplate.

3.2.3.3 CsFAMAPDIBr Perovskite as Absorber Layer

The triplecation caesium formamidinium methylammonium lead iodide
bromide (CsFAMAPDIBr) perovskite was prepared ip-faleld glovebox,
following the method described J.Tiraetod.[229], from its precursis: lead
iodide (Phl), lead bromide (PbBy formamidinium iodide (FAl),
methylammonium bromide (MAB&nd caesium iodide (Csl). The solvents
used were anhydrous DMF and anhydrous DMSO.

A 1.3 M CsFAMAPDIBr perovskite precursor solution was preparésl as it
summarized ifigure 3.17 In a vial (\J 636 mg of Pbland 85 mg of PbBr
were mixed in 1 mL of airture of DMF and DMSO with a volume ratio of
4:1. In avial (Y 226 mg of FAIl and 26 mg of MABr were added. Thems/
dropped in Y (solutiona, ). In a vial (3 265 mg of Pbivere stirred in 500
pL of DMSO and in a viak)\49 mg of Csl were vghed. After, Ywas
dropped in VY (solutionb, ). Finally, in a vial /1.2 mL of s&and 0.12 mL of
S were mixed to have the tripleation perovkite precursor solution. The

resulting stoichiometry is (FABbks(MAPDLB#)o.14CsPk)o.os
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1.3 M CsFAMAPDIBr perovskite precursor solution

= 636 mg Pbl,

85 mg PbBr, o a,
V1) 1 mL of DMSO:DMF (1:4) |
: S.. M vy
a 226 mg FAI 2 B 12mL  0.12mL
Vv, 26 MAB TN TN
\2) mg mg r - e -
s | | Isy
, Vs)
| 265 mg Pbl,
. N\
V5| 0.5 mL DMSO:DMF - - =
" s V3l
Vv, 149 mg Csl -

Figure3.17. Steps diagram to prepare a 1.3 M CsFAMAPDIBr perovskite precursor
solution.

Before the CsFAMAPbDI®rovskite precursor deposition, the substrates
were treated with a UVO system at 80 for 15 min. The CsFAMAPDIBr
perowskite precursor solution was deposited, in alooy, by the antsolvent
method137]F YR AU &6l a FAfGSNBR 0t ¢C93X ndH
the solution were drpped on the top of the previously deposited layer and
the substrates were spicoated with a twestep program, first at 2000 rpm
(200rpm/s) for 12 s and then 5000 rpm (2000 rpm/s) for 25 s. In this step,
120 pL of anhydrous chlorobenzene were dropped&fgrethe end of the
process. Then, the substrates were moved directly from the spin coater to a
hotplate and they were annealed ad@ °C forl h. The substrates turned
dark brown during the first minute of the annealing process as can be
observed irfigure 3.18 The CsFAMAPDIBF film thickness obtained was about

500 nm.The perovskite layer formation is the most critical step in PSCs
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fabrication.The deposition method requires practice since the-soitrent
step is crucial. The solvent deposition shdagchot done todast or too slow

since it could lead that some ringggpear in the substrate.

Figure 318 CsFAMAPDIBr perovskite film photo.

3.2.3.4Hole Transport Layer and Top Electrode

First, an additive solution was paged by adding 28 puL of tert
butylpiridineto 1 mL of anhydrous chlorobenzene, then 16 pL LiTFSI solution
were added. Secondlg, 70 mM spireOMeTAD solution was prepared by
dissolving 70 mg of spp©OMeTAD in 1 mL of the additive solutja@9]
Subsequently, the solution was vigorously stirred and filtered>(2 t ¢ C9
filter) before its deposition. Finally, thelstion was deposited dynamically
by spincoating. 50 pL of 70 mM spi#@MeTAD solution were deposited, in a
No-filled glovebox, on the top of the previous layer deposited and the
substrates were spinoatedat 4000 rpm for 20 s to obtain thickness between
100 nm and 300 nrj229] Subsequently, the substrates were patterned by
laser scribing to remove all the layers of the device except the I'T¥peaific
area of the substrate, to facilitate the contact with the metal electrode. The
conditions of the laar scribing were 5% power, 3000 mm/s, 55 kHz. To

increase the oxidative doping of the HTL, substrates were kept in dark in a dry
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air chamber overght before the thermal evaporation of the top
electrode[227] The next dayhe substrates were placed into ailtra-high
vacuum chamber and 70 nm of gold were deposited by thermal evaporation
using a shadow mas&ading to 5 diodes for substrate each with an active
area of 0.19 cr

3.2.4Basic Electrical Characterization

The current densityoltage {§\J characeristics of PSCs were measured in
dark and under simulated AM1.5G illumination (100 m\W)citheMAPb}
and CsFAMAPDIBr bgstrforming devicesV characteristics are shown in
thefigures 3.1%nd3.20, respectively. All théVmeasurements were carried
out under light and nitrogen conditions©0.1 ppm and # < 0.1 ppm).

As expected, some hysesis (difference between forward and reverse
scan) is observed for all evaluated systems. This phenomenon has been
reported elsewhere for4tp PSC and is attuted to ion migration inside
perovskite material and especially to the formation and the seleaf
interfacial charges in both electron and hole transporting layer
contacts[231,232]Also, agexpected the performance values measured with
devices prepared under identical conditions present a small difference. This
phenomenon has been informed elsewéédor ni-p PSC and is attributed to
the sensibility of the drying and crystallization stepsthaf perovskite
absorber synthesi233¢235] The performance paraeters values of the
MAPDbt and CsFAMAPDIBr devices are summarizdebies 3.1and 3.2

respectively.
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Figure 319. Current desity vsvoltage §\j characteristics of the best performing
MAPDbidevices in dark (hollow markers) and under simulated A.M. 1.5G illumination
(100 mW/cmi). The solid and dashed lines correspond to the reverse and forward
scans, respectively.
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Devie Sweep Voc[V]  &:[mA/cm] FF[%] PCE [%)]
Reverse 1.04 20.5 72 15.3
Green
Forward 0.99 21.6 50 10.6
Reverse 1.04 23.2 71 17.2
Red
Forward 0.99 24.2 71 12.3
Reverse 0.99 23.6 69 16.2
Purple
Forward 0.99 23.5 48 11.2

Table 31. Primary performance parametevalues of thebestperforming MAPRI
devices measured at 1 SUN A.M. 1.5 illumination (100 mi)V&ka opencircuit
voltage,Js short circuit current density, FF: fill factor and PCE: power conversion

efficiency.
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Figure 0. Current densitys voltage(JV)characteristics of the best performing
CsFAMAPDIBr devices in dark (hollow markers) and under simulated A.M. 1.5G
illumination (100 mW/cr). The solid and dashed lines corresptmdhe reverse

and forward scans, respectively.
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Device Sweep Voc[V]  &:[mA/cm] FF[%] PCE [%)]

Reverse 1.01 19.22 66 12.73
Green

Forward 0.98 19.07 77 14.61

Reverse 0.96 21.68 64 13.31

Red

Forward 0.96 21.36 66 14.01

Reverse 0.88 21.07 33 6.19
Purple

Forward 0.96 21.36 69 13.89

Table 2. Primary performance parametersalues of the bstperforming
CsFAMAPbDIBievices measured at 1 SUN A.M. 1.5 illumination (100 m¥//dsn
opencircuit voltage ¢ shortcircuit current density, FF: fill factor and PCE: power
conversion efficiency.
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Chapter 4

ThickBarrier Layer Removal in
Nanoporous Anodic Alumina



In the following chaptera new method for the removal of the thick
barrier layer imanoporous anodic alumina without removing the aluminium
substrate is bestowed. It is based on aam®dization step at a constant
current density combined with chemical etchings. This chapteased on
published work: M.P. MonterBama,et al. 2019, Insitu removal of thick
barrier layer in nanoporous anodic alumina by constant current Re
anodization. Surface and Coatings Technology, 380, 125039. DOI:
10.1016/j.surfcoat.2019.125039.
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4.1Introduction

Nanoporous anodic alumina (NAA) has attracted a gieatof interest
in the last decades, due to its stability, eeffective scalable production and
the ability to fabricate nanopores with a wide range of thicknesses, diameters
and interpoe distances, allows to easily adapt them to new
applicationd236,237] One remarkable NAA application is its use as a
template for nanostructuring materials by infiltration of a specific
materia[238¢240] (organic, inorganic, metallic, etc.) into NAA and following
of removing NAA, can be obtained an inverse replica of[REA242]For
example, NAA templates have been successfully used for nanostructuring
polymer solar cells resulting in improved conductivity as compared with thin
films of the same polymgp43,244]

Since NAA is obtained by anodizing aluminium, the aluminium substrate
can be used as an electrode. However, the presence of a continuous
insulation barrier layer between the material infiltrated in the npoies and
the aluminium substrate, limits its applications for energy storage devices
(batteries, supercapacitors), energy generation devices (photovoltaic solar
cells), optoelectronic dews (LEDs, photodetectors), electrodeposition of
metals where the mterials infiltrated in NAA layer need to be electrically
connected to the electrode.

In previous works, researchers have described procedures based on
successive ranodization (constant crent density or stepwise voltage
decrease) and chemical etchingeps, that partially address this
problem[245,246]However, only procedures for the selective barrier layer
removal in NAA with nanopores diameters up to 100 nm (NAA obtained with

oxalic and sulphuric acid electrolytes) have been published & daese
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methods fail for NAA obtained with phosphoric acid electrolytes. This is
because phosphoric acid electrolytes (as well as other electrolytes that
require higher anodization voltagdsad to barrier layer thicknesses of more
than 200 nm.

Therefore our attention was turned to a constant currentaeodization
process originally described by Gosele anavakers[247] In their work,
they achieved thinning the barrier layer of oxalic acatle NAA by applying
a chemical etching procedure after the second anodization step to decrease
the thickness of the barrier layand subsequently, applying two consecutive
constant arrent anodization steps. Fixing the anodization current induces
pore growth under oubf-equilibrium conditions, resulting in branchings at
the bottom of the pores without reaching steady pore grawthis produced
a sufficiently branched barrier layeloabing for the AC electrodeposition of
metals. However, although the current is assumed to cross the porous layer
no attempt was made to fully remove it.

In this work, a complete procedure to obtaiechanically stable NAA on
aluminium substrates without lzarrier layer and electrical contact between
aluminium and the interior of the nanopores is presented. The procedure is
based on a constant current-enodization that results in the formation of
branchings into the barrier layer that permits its selextigmoval in a final

etching step.
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4.2 Experimental
4.2.1 Partial Barrier Layer Etching

NAA samples, prepared in the previous chapter (section 3.1.2), were used
as substrates to remove its bigmr layer. NAA substrates were immersed in
an etching slution (HPQ, 4% wt.) for 1 h and at a temperature of &
With this chemical etching, the thickness of the barrier layer was reduced
from 200 nm in the aproduced samples to a final thicknesapproximately
80 nm. This step is crucial for the subsequerdnmedization step to ensure
the establishment of theurrent through the barrier layer at an anodization
potential smaller than the first and second step. Notice that this process also
resultsin a reduction of the pore wall thickness, but only partially to maintain

the structural stability of the porous strture.

4.2.2 ReAnodizationSep

The reanodization step consists in a third anodization step in the same
electrolyte as the first and send anodization steps {PIQ, 1% wt.) at3,5
°C, but at a constant anodization current density-greodization current
density, hd7) instead of a constant anodization voltage.

The area of a sample exposed to the electrolyte was 1.761tma effect
of this reanodization step on the morphology of tharrier layer is analysed
and the optimal conditions that allow the removal of the barrier layer while
maintaining the porous structure in contact with the aluminium substrate are
determinate. For this reas, five different reanodization current densés
were tested: thaz= 568.2uA/cnY, kndgz= 170.5pA/cn?, kngz= 113.6uA/C?,
lndz= 56.8UA/CN?, Indz= 5.7 YAlcn?. After these tests, the procedure was
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further optimized by testing two more {@nodiation current densities
values: haz= 28.4uA/cn¥ and hng,= 17.0pA/cn?.

4.2.3 FinaBarrier Layertehing

As it will be demonstrated in the results and discussion section, at certain
re-anodization current densities branchings were created throlglvarrier
layer. Such branchings permit a fast dissolution of the remaining barrier layer
after a final etchingtep, consisting in immersing the sample #?® (4%
wt.) solution at 35Cfor a controlled time of 38 min to remove completely
the barrierlayer. The time length of this step is important to keep the porous
structure and its contact with the aluminiurnbstrate. For etching times
bigger than this value, pore walls are dissolved by the etching procedure.

To demonstrate that the barrier layeraw removed and there is an
electric contact between the aluminium and the pore bottom the current
voltage charactestics of two distinct substrates (with and without barrier
layer) were measured in an electrochemical cell with a conductive

electrolyte.

4.3 Results and Discussions
4.3.1 Partial Barrier Layetcking

The barrier layer thickness of tim@anopores obtained with thesRQ
electrolyte after the second anodization step was found to be too thick to be
removed directly after pore growth using aeyported procedure. To reduce
the barrier layer, the samples were etched in a solutionsBOrat 4% wt. at

a temperature of 383Cand for 1 h. The etching conditions were established
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after several tests and found to give optimum results when the baager |
was reduced to 80 nm.

Figure 4.1 aandb) show the crossection SEM views of NAA obtained
after the second anodization step. Frdigure 4.1 b)the thickness of the
barrier layer was estimated to be about 200 nm while the pore diameter was
estimatedto be about 150 nmFigure 4.1 candd) showthe crosssection
SEM views of NAA after the chemical etching step, where the thickness of the
barrier layer and the pore diameter were now about 80 nm and 350 nm

respectively.

Figure 4l. a) Crosssection SEM view of a phosphoric NAA after the second
anodization stepc) Crosssection SEM view of a phosphoric NAA after the partial
chemical etchindo) andd) are the magnification views ajandb) respectively. The
scale bars aindicatedn each picture.
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For etching times bigger than 38 min, nanopore walls are dissolved by the

etching procedure dfigure 4.2exhibits.

Figure 4. a) Crosssection SEM view of the nanopores dissolves after the final
barrier layer etching with a time over than 38 nipnMagnification view o&) The
scale bars are indicated in each picture.

4.3.2 ReAnodization $ep

To determine the optimal conditions for the-@aeodization step, several
experiments were conductedrfdifferent values of current density. The first
experimentwasconducted at a constant current density about one order of
magnitude lower than the currémensity reached at the end of the second
anodization step (constant anodization voltage of 195 M)s,Tsince the
current density at the end of the second anodization step is 568%dnyY

the first reanodization experiment was conductedat;F 568.2uA/cn?.
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Figure 4.3shows the measured voltage foksd = 568.2uA/cn?. The
voltage undergoes small transient decrease for 1 s, followed by an increase
with an almost constant ratefd62 mV/s. Since the objective of this re
anodization is the reduction of the measured voltage, this experiment was

stopped after 46 s.
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Figure 43. Measured voltagestime for lne,= 568.2 pA/crh

The behaviourof the measured voltage foind, = 170.5pA/cn? (figure
4.4) and 113.6uA/cn? (figure 4.5 is similar to the previous result with the
only difference that the rates of voltagecrease are 47 mV/s and 9 mV/s,

respectively.
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Figure 4. Measured voltag&stime for lne,= 113.6 pA/crh
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When the reanodizaion current density was further reduced, however,
i.e.,lmdz= 56.8uA/cn? (figure 4.6, the measured voltage shows a completely
different trend: first, the potential shows a fast increase from 78 V to 96 V in
1.2 s, then drops to 95 0.9 s and finallstarts to decrease slowly, with a

rate almost constant of 14 mV/s.
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Figure 46. Measured voltagestime for ln¢,= 56.8 HA/crh

If the constant reanodization current density is further reduced, fas|
= 5.7 yA/cn [figure 4.7 a) the measured voltage experiences a sharper
increase at the beginning in a brief period (from 10 V up to 65V in 7.1 s) and
then it decreases with a netant rate of 29 mV/s until stabilizes reaching
values close to zero in 7Figure 4.7 byhows thecrosssectionSEM view of
a sample after ranodization performed withnk,= 5.7pA/cn?. The picture
shows that small branchingsave grown through the barrier layer. The
branchings appear distributed nétomogeneously at the bottom of the

pores.
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Figure 47. a) Measured voltagestime andb) crosssection SEM view of NAA for
lmaz= 5.7 WA/cr The scale bar is indicated in the picture.

The previous tests can be classified into two main groups: for re
anodization arrent densities above 56.fA/cn? the measured voltage
increases with the apigation of a constant ranodization current density,
while for current densities below 5618\/cn?¥ the trend is opposite i.e. the

measured voltage decreases.
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Takingnto account that the barrier layer thickness is proportional to the
anodizatio voltage[94,237]the increase in measured voltage for the current
densities higher than 568A/cn? (figures 4.34.4and4.5) is indicating that
the barrier layer thickness is increased. This caxpkained by the fact that
the current density applied is high enough to produce the generation of oxide
at the oxidemetal interface at a higher rate than the dissolution at the
electrolyte-oxide interface. On the other hand, when the current density is
small enoughfigures 4.6and 4.7 a) the rate of oxide generation is limited
by the current density applied and the dissolution is promoted. The SEM view
infigure 4.7 b)ndicates hat the dissolution of the alumina takes place locally
atpoints disttbulb R 2y GKS adzaNFIFOS 2F (GKS LJ2NE
formation of small branchings that penetrate through the barrier layer.

The procedure was further optimized by testing twaen@-anodization
current densities valuesad.= 28.4uA/cn¥ and hd.= 17.0pA/cn?.

Figure 4.8 ayorresponding tod,= 28.4pA/cn? shows a measured
voltage increases over a shp#riod, and then it decreases to values close to
0 V. Théehaviourof the measured voltage is similar to that recordedfes |
= 5.7 yA/cn, with the difference that themeasuredvoltage reaches a
constant threshold after 9 h instead of 7 h. The voltage decrease has an
average rate of 12 mV/s. The process was caraedwer 12 h. Interestingly,
SEM viewdigure 4.8 b) and ¢pf the corresponding ranodization process
show similar branchings as those formed fa1; E 5.7 pAlcn? with the
difference that in this case, the branchings go through the barrier layer and
continue growing into the aluminium substraghpwn by theed arrows in

figure 4.8 )
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Figure 48. a) Measured voltagestime corresponding tank,= 28.4 pA/crh b)
Crosssection SEM view for this value of current dgnskMagnification view d)
with the growth of the branchings into the aluminium, whigmark by red
arrows. The scale bars are indicated in each picture.
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In figure 4.9 a)the measured \Jtage for hd,= 17.0 pA/crishows a
similar kehaviouras in the previousnk,= 5.7puA/cn? and hd.= 28.4uA/cn?.
It increases up to about 80 V and then decreases with a constant rate of 0.96
mV/s. The process was stopped after 5.5 h to avoid the growth of additional
oxide, as observed figure 4.8 ¢)SB views figure 4.7 bjand4.8 c] for knd:
= 5.7pA/cn? and lngz= 28.4pA/cn? respectively, show branchings in the
alumina barrier layer. The main difference with the=+ 5.7uA/cn¥ current
density is that in this case branchings are uniformldisd dzi SR 2y G KS
bottom. On the other hand, if comparedth Ing,= 28.4uA/cn?, branchings
grow only through the barrier layer and do not penetrate on the aluminium
substrate. It is also important to point out that the-arodization at this
currentdensity, for such time, leaves points of contact betweenadkide
and the metallic aluminium substrate. (indicated by litrewsin figure 4.9
¢). Such points are crucial to avoid the detachment of the porous oxide from

the aluminium substratevhen thesubsequent etching step is applied.
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view of NAA for this value of current densgyMagnification view ob) with the
point of contat between the oxide and the aluminium marked by the blue arrows.
The scale bars are indicated in each picture.
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4.3.3 FinaBarrier Layertghing

Figure 4.10 shows SEM views of the resulting Ne#er applying a
chemical etching step as describedha experimental section to a sample
produced by a r@nodization current density &fd,= 17.0uA/cn¥. For this
samplethe re-anodization process was stoppdtea5.5 h and the chemical
etching was applied for 38 miRigure 4.10 a)ndb) correspondo across
sectionfrom different view angles, while tHfigure 4.10 c)corresponds to a
top-view. Finallyfigure 4.10 d)ande) show the crossection SEM viewfo
NAA together with the aluminium substrate. figure 4.10 a)the green
arrows pointto thedlJ2 N5 Qa 620G2Y akK2gAy3a GKIG G
removed Figure 4.10 byorresponds to a flake detached from the aluminium
surface, allowing for a higtontrast picture of the lower part of the pores
clearly showing the absence of the barrier layier all KS L2 NBaQ o2
top-view SEM view ifigure 4.10 cshows that the pre wall thickness has
been also reduced by the final chemical etching step, but it is thick enough to
ensure structural stability. Finally, the cresstion views ifigures 4.0 d)
and e) show that the nanopores are completely open at their bottoms
permitting the electric contact of any substance in the pore interior with the

aluminium substrate while maintaining adhesion with the substrate.
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Figure 410. a) andb) crosssection andc) top SEM view of NAA after a chemical
etching of NAA samples obtained with.a* 17.0 pA/cra d) ande) Crosssection

SEM view of the porous anodic alumina together with the aluminium substrate. The
scale bars armdicated in each picture.
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Figure4.11 exhibits the measured currens applied voltage of several
NAA substratewith and without barrier layer. Measured current values of
NAA are almost 0 mA while measured current values ofN#BL vary
between-5 and 8mA. Thus,demonstrating that therés an electric contact
between aluminium anthe pore bottom and therefore will be an electric
contact between a conductor material infiltrated within W8AA and the

aluminium.
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Figure 411 Measured currentvs applied voltage of NAA substrates with and
without barrier layer.
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4.4 Conclusions

It is presentedh new method for the removal of the thick barrier layer in
NAA without removing the aluminium substrate based onanoglized stp
at a constant current density and chemical etchings. The best condition for
removing the barrier layer is to fix a constdansity current of 17.0 pA/ch
in the constant current ranodization step, using as electrolyte a solution of
H:PQ (1% wt.) Preious methods for removing the barrier layer from NAA
are designed for thin barrier layers and cannot apply in samples obtained in
HsPQ (1% wit.) electrolytes with barrier layers of more 200 nm. Our method
was tested for NAA samples obtainedtivo-step amdization process and
using an EPQ electrolyte and keeping a constant voltage of anodization of
195 V. In this kind of NAA, the thickness of the barrier layer is about 200 nm.
Before dissolved the barrier layer, it is necessary to reducthitlness of
the barrier layer with BPQ (4% wt.). Now, under specific anodization at
constant current density, the barrier layer can be dissolved. Several values of
re-anodization current densities were tested to optimize the process of
dissolution ofthe barrier lger. A reanodization at a low current density such
as 17.0 pA/crhleads completely barrier layénee NAA without detachment
of the aluminium substrate. For higheraaodization current densities, the
measured anodization voltage shows dtahdecreas followed by a steady
increase. This indicates that the pore growth process continues by adjusting
the barrier layer thickness to a new equilibrium state. In contrast, for re
anodization current densities below 17.0 pAfcrmeasured anodizatin
voltage sbws a steady decrease and stabilization at a value close to 0 V. This
behaviour is related to the creation of nblemogenous branchings within

the barrier layer. This barrier layer with the branchings can be removed with
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a final chemical etchg step of BPQ (4% wt.) at 35C. If the reanodization
step is carried out for a long time, the branchings continue to grow into the
aluminium substrate creating a highly nanoporous layer between the original
NAA and the aluminium substrate. If the ficleemical ething step is applied
to such a layer, NAA separates from the aluminium substrate. To avoid such
detachment, it is crucial to stop the -amodization before such highly
nanoporous layer is formed. However, this process can be useful in the
fabrication of r/anoporous membranes.

Finally, the formation of barrier layfree NAA allows for the infiltration
of the nanopores and the establishment of electric contact between the
resulting material the nanopores are filled in with and the aluminium
subgrate. Althowh this method has been developed for NAA obtained with
HsPQ electrolytes, it could be extended to NAA fabricated with different
electrolytes at high voltage anodizatioRurther research to study the
infiltration of different materials intthe barrierfree NAA and the study their

electrical characteristiags underway.
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Chapter 5

Strategies for Infiltrating Solutions in
Barrier Layer Free Nanoporous
Anodic Alumina



In the following chapter, a novel type of perovskite soladesiice on a
metallic sistrate, using nanoporous anodic alumina exlosure is
presented. The experimental methods used for infiltrating distinct kinds of
materials within the nanoporous anodic alumina membrane, which barrier
layer was previously remodgare explained. A naswuctured perovskite
solar cell device is manufactake and its current densityoltage

characteristics are measured.
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5.1 Introduction

Perovskite solar cells (PEGs is explained in chaptes@ction2.2.2.2,
have received a ga¢ deal ofattention owing to their photovoltaic (PV)
properties and because in a few years, its power conversion efficiencies (PCE)
have experimented a high improvement. However, one of the disadvantages
of the PSCs is the very poor stability ofgheowskite layer in the presence of
humidity, radiation and temperatufj@17,248]Due to that, in this chapter,
the fabrication of a nanostructured PSC based on nanoporous anodic alumina
(NAA) technology is investigat&hA povides the advantage of enhancing
perovskite stability since the perovskite layer will be surrounded by the other
layers and the nanopore walls.

To reach this aim, several challenges should be overcome: 1) Obtain an
electrical contact between the aluniumand the first infiltrated material. 2)
Achieve that the first infiltrated material diffuses until the nanopores bottom.

3) The different layers which compound the PSCs should have a specific
thickness to work correctly, so each layer infiltrated nhaste the right
height. 4) The infiltrated materials should fill the nanopores up to a certain
height. It is also very important that the height of each material should be
homogeneous among all the nanopores. 5) Finally, it is also crucial to find a
semitransprent electrode which does not damage the perovskite layer and
deposited it on top of the solar cell structure.

In this chapter, a novel type of PSC device on a metallic substrate is
presented.In our design, barrier laydéree NAA (WBDNAA) is useds an
enclosure and the aluminium of the wRIAA substrate will work as the
opaque metal electrode. We expected that NAA to have the role of enclosure,

in which monocrystals will grow, as a result of confinemiemst, typical
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aluminium anodization usinghosgoric acid was carried out to obtain the
pattern for an ordered nanoporous substrg®.6] (chapter 3, section 3.1.2)
Secondly, a procedure in which a palgiakidened nanoporous layer is
subjected fixeeturrent anodization to remove the barrier layer was
conducted[249] (chapter 4) Finally, different layers corresponding to the
structure of thePSC devices testes in cteg8 section 3.2, for preparing the
most used PSC device were irdted into the nanopores of NAA to obtain a

nanostructured perovskite solar cell (hPSC) device.

5.2 Experimental
5.2.1 Titanium Dioxidefiltration
To achieve the aim of having a natractured titanium dioxide (THD
layer thickness below 100 nm awith a homogeneous height among all the
nanopores, different tests were carried out.
First, a titanium dioxide (TjOsolution was prepared, in a>-Nled
gloveboxyiathe sotgel method described by Kiet al[215,250]mixing 0.2
mL of titanium (V) isopropoxide (Ti[OCHjgH with 0.1 mL b 2-
methoxyethanol (C#OCHCHOH) and 1 mL of ethanolamine
(FENCHCHOH). The Tigsolution was heated to 120 °C for 90 min under
magnetic stirring to obtain a clear stbn. Subsequently, the Ti®olution
gl a FTAELtGSNBR o6noH >anhydrauCBethdnal {(GBB)ND | y F
with a volume ratio of 1:3 (TiGolution:CHOH). The diluted Tiolution
gFa AGANNBR FT2NIm K FyR TapbsitihNER 6 n dH
Secondly, the dilutediOx solution was deposited on the top of different
WBLNAA substrates, prepared in the same conditieisgdrop-casting and

spincoating.
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Finally, after each deposition, to convert the precursors in BO
hydrolysis, te substrates were left in ambient conditions for 1 hour, heated
at 150°Cfor 10 min &ad heated at 500Cfor 30 min. The final temperature
was reached by increasing the temperature with 20 °C/min heating rate.
Since aluminium is the base of the WwNBAA substrates, is very important to
note that the aluminium melting point is 66C. The tenperature at which
the substrates must be heated for the T&Datase crystalline formation (500
°Q) is very close to the aluminium melting point. This can cause the metallic
aluminium substrate softening and can cause stress due to the difference in
coefficients of thermalexpansion between metallic aluminium and the
porous aluminium oxide layer. Such stress can cause bending of the
substrate. Therefore, once the pifdrmation temperature is reached, the
substrates are quickly cooled by placing them base of material tht is a

good conductor of heat.

5.2.1.1 TitaniunDioxide mfiltration via Drop-Casting Bposition

Several diluted Tiolution volumes @ ViaI' M1 M2 > [pan gz [ =
on >[ wlyRnz >[ -éa§dd®n tReNBpLAf four wBUAA
substrates. The&yBI-NAA substrate area exposed towas 1.76 crh

Substrate ‘ 1 2 3 4
vd [uL] ‘ 100 50 30 20

Table 51. TiOxsolution volumes deposited on the top of WBAA substratesia
drop-casting.
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5.2.1.2 Titanium Dkide hfiltration viaSpirCoating Bposition

Various WBINAA substrates were placedinaspig G Ay 3 RSJAOS®
of the diluted Ti@solution were deposited on the top of the wRBA
substrates. After waiting for 30 s to let the diluted,d8@lutioninfiltrates
nanopores,the wBENAA substrates were spaoated at 4000 rpm (2160
rpm/s) for 90 s, to obtain the desired nanostructured.Te&9er thickness

below 100 nm.

5.2.2MAPbt perovskitelnfiltration

To reach the goal of havingrnanostructured rethylammonium lead
iodide (MAPR) perovskite layer thickness between 400 nm and 600 nm and
with a homogeneous height among all the nanopores, diverse experiments
were conducted.

First, several MAPhyperovskite precursor solutions were peged, in an
No-filled glovebox, from the two precursors as is explained in chapter 3
AaSOUA2Y ODPHPHPOD {dzoaSljdsSyiftes (GKS &z
before its deposition.

Secondly, a wBNAA substrate was placed in a spoating devicavhich
was posibned ina MFAf £ SR 3t 23S0 2 E dz perovskite>][ 2 F
precursor solution were dropped on the top of different WwBAA substrates
prepared in identical conditions. After waiting for 60 s to let the solutions
infiltrates nanoporesthe substrates we spincoated at 4000 rpm (3996
rpm/s) for 45 s, to obtain the desired nanostructured MAp&lovskite layer
thickness between 400 nm and 600 nm.

Finally, the substrates were placed in a hotplate and they were annealed

at 100 °C for 1 hot obtain crystdine perovskite (MAPHYI films. The
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conditions of the MAPblperovskite precursor solutions depositions are

summarized itable 5.2

Sub MAPbLi[M] Solvent Ss[rpm] Ac[rpm/s] Time [s]

5 15 DMF 4000 3996 45
6 2 DMF 4000 3996 45
7 2.5 DMF 4000 3996 45

Table 52. Conditions of the MAPfberovskite precursor solutions depositions. Sub:
substrate, Ss: spin speed, Ac: spin acceleration.

5.2.3 SpirelOMeTADiffiltration

To realise the target of having a 2,2',/létrakis[N,Nli(4-
methoxyphenyl)amingd,9-spirobifluorene (spir@MeTAD) laye with a
homogeneous height among all the nanopores and to provide additional
properties to its hole conduction, such as a complete levelling of NAA pores
openings, distinct tests were perforche

Diverse solutions were prepared, in asfiNed glovebox, by dissolving
different amounts of spir®@MeTAD in 1 mL of anhydrous chlorobenzene.
{dzoaSljdzSyates GKS az2tdziaAzya gSNB QA2
filter) before its deposition.d pL of each solution were deposited on the
top of several wWBINAATIQ-MAPDO} substrates prepared in identical
conditionsvia spincoating. The spir®@MeTAD layer thickness was adjusted
viaconcentration solution and sptoating speed.

First, a 72 mg/mLspiroOMeTAD solution was spinated at two
different spin speeds (Ss):1$s1000 rpm and $s 1500 rpm After these
tests, thespirooOMeTAD layer infiltratiowas optimized by testing two more
spiroOMeTAD solutiomoncentrations (C):1:G 105 mg/mL ad G = 140
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mg/mL, using the same spinning condision its deposition. The conditions

of the spireAOMeTAD solutions depositions are summarizéable 5.3

Sub SpiroOMeTAD [mg/mL] Ss[rpm] Ac [rpm/s] Time [s]

8 72 1000 1080 90
9 72 1500 1080 90
10 105 1000 1080 90
11 140 1000 1080 90

Table 53. Conditions of the spirf®@MeTAD solutions deposition. Sub: substrate, Ss:
spin speed, Ac: spin acceleration.

To perform the first test, a 72 mg/mL spl@MeTADsolution was made
by dissolving 72 mg of spi@MeTAD in 1 mL of anhydrous chlorobenzene.
mMman >[ 27T i K®SMaTAD sel@ienYvere drdppedid@h the top of
two WBLENAATIQ-MAPD} substrates and they were spooated at two
different spinrcoating speds: Ss= 1500 rpn (1080 rpm/s) and $s 1000
rpm (1080 rpm/s) for 90 s. Afterwards, both substrates were placed into a
thermal evaporation chamber (vacuum pressure <®3gf, in an N-filled
glovebox) and the serransparent electrode described Byn Hee Hagt
al[175] was deposited over the spg®@MeTAD layer using a tHilm mask
to pattem the electrode. ltvas composed by tungsten trioxide (¥y@nd
silver (Ag). The structure consists of two thin Ag films surrounded by WO
layers. The sentiansparent electrode was deposited sequentially:\BD
nm)/Ag (12 nm)/We(105 nm)/Ag (12 nm)/WEE50 nm).

Secondly,two more spireOMeTAD solutions were prepared with
concentrations (C) greater than 72 mg/mk,=C105 mg/mL and 4G 140
mg/mL, by dissolving 105 mg and 140 mg of spiMeTAD in 1 mL of
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anhydrous chlorobenzene. 100 pL of each sPpikeTAD solution were
dropped on the top of two wBNAATIQ-MAPD} substrates and they were
spincoated at 1000 rpm (1080 rpm/s) for 90 s.

5.2.4 Nanostructure&erovskite Solar Cell DeviebFcation

To fabricate a nanostructutlgperovskite solar cell (nPSdevice several
WBLNAA substrates, prepared under identical conditions, with a nanoporous
film thickness of about 1 um, were placed in a gpating device which is
positioned in an Nfilled gloveboxSome oftie previously prepared solutions
were fitS NS R 0 n ®H ltery before itsCdeposkidn and they were
deposited under nitrogen conditionsA(€©0.1 ppm and # < 0.1 ppm). The

conditions of each solution deposition are summarizedbte 5.3

Material C[M] Vvd[uL] Ss[rpm] Ac[rpm/s] T [s]

TiOx 100 4000 2160 90
MAPDbi 2 100 4000 3996 45
sOMeTAD 0.114 100 1000 1080 90

Table %4. Conditions of the solutions depositions. C: concentration, Vd: deposited
volume, Ss: spin speed, Ac: spin acceleration, Ttirsgin

CANBGZ mMnn > [«sol2tidn wier€ Sroppell bndtie ®Rof thek h
WBL-NAA substrates. After waiting for 30 s to let the diluted-$alution
infiltrates nanoporeghe wBENAA substrates were spomated at 4000 rpm
(2160 rpm/s) for 90 s.hHEn, toconvert the precursors in Ti®y hydrolysis,
the substrates were left in ambient conditions for 1 hour, heated at°’C50

for 10 min and heated at 50Cfor 30 min.
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{ SO2y Rt &3 wmnn >perodshite preuBsorisolution aeret 6 L
dropped on ke topthe previously deposited layer. Following, after waiting
for 60 s to let the solution infiltration, the substrates were smated at
4000 rpm (3996 rpm/s) for 45 s. Subsequently, the substrates were placed in
a hotplate and they were annealed &@Q01°C for 1 h. The surface of the
substrates turned black during the first minute of the annealing process.

Thirdly, 100 pL of the 140 mg/mL sp@deTAD solution were dropped
on the top of the previously deposited layer and the substrates were spin
coatedat 10 rpm (1080 rpm/s) for 90 s.

Finally, the substrates were loaded into the thermal evaporation chamber
(vacuum pressure < 5x2orr, in an N-filled glovebox) and using a tHiim
mask the semtransparent electrode was thermaligposited sequentially:
WG (50 nm)/Ag (12 nm)/WO (105 nm)/Ag (12 nm)/WO((B0 nm).
Afterwards, the thirfilm mask was changed and 150 nm of Ag were thermally
deposited. In all cases, the effective device area of the nPSC was.28

Figure 5.1 ay)howsa schematic diagramandb) displays a photo of the
prepared nPSC device.

®

a) b)

Figure 51. a) nPSC basic architecture schetenPCSlevice photo. Layers are not
to scale in the basic architecture scheme.
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5.2.5 Semiransparent IEctrodeCharacterizabn

To measure the transmittance and sheet resistance of the proposed semi
transparent electrode composed of W0 nm)/Ag (12 nm)/W£(105
nm)/Ag (12 nm)/Weg) several glasses were placed in the thermal evaporation
chamber (vacuum pressure < 5%1orr, in an N-filled glovebox and the
alternative layers of W and Ag were evaporated under the same

conditions.

5.3 Results andifrussion
5.3.1 TitaniunDioxide wfiltration
5.3.1.1 TitaniunDioxideInfiltration via DropCasting Bposition

To measure the mstructured Ti@layer thickness within the nanopores
an SEM study of the wBMAATIG substrate was carried ougigures 5.2),
b), c)andd) show the top SEM pictures of the wBAA substrates after the
TiQ diluted-solution depositionvia drop-casting The volumes deposited
were 100>L, 50>L, 30>L and 20-L, respectively. ForM=100>L [figure 5.2
a)] the nanopore structure of the wBLAA surface can be observed without
any traces of deposited TH0On top of them. For 8 =50>L, \43= 30>L and
Vis = 20>L figures 5.2 h)c) and d), respectively] big TiQOslands with
characteristic sizes between 5 and 10 um can be observed on top of the wBL
NAA nanopore structure, marked by the blue arrows. Among thésla@ds,
nanopores pathwag/can be seermrhese pathways become more narrows as

the amount of deposited Tidecreases.
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Figure 2. a), b), c)andd) top SEM viewsf the wBENAA substrateafter the TiQ
diluted-solution depositiorvia drop-casting. The volumesgosited were 106-L,
50>L, 30>L and 2G-L, respectively. The scale bars are indicated in each partdre
the TiQ is marked by blue arrows.

Figure 5.2lemonstrates a clear tendency of the IgPecursor solution
to infiltrate better into the nanopores for bigger depesi volumes. This is
probably due to the speed at which the solvent used in the dilution it
evaporates since methanol anhydrous is vetatitle. When the solution is
dropped, it starts to fill the nanopores, but at the same time, it evaporates
very fastlf the volume of deposited TiPrecursor solution is not big enough,
it will not have time to infiltrate the nanopores, therefore, Jitead of
infiltrating the nanopores is covering them. If the droplet volume is smaller,
evaporation will take a smailtime, and consequently, the solution has not

enough time to infiltrate the nanopores. Fan ¥ 100>L figure 5.2 a) TiG
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has infiltated the nanopores without filling them. Fau¥ 20 uLfigure 5.2
d)] there are more Tigcovering the nanopores &m for \43 = 30 pL and ¥
= 50 pLfigure 5.2 candb), respectively] and in turn in ford~& 30 uLfigure
5.2 c] there are more Tigcovering the nanopores than& 50 pLfigure
5.2 b). There is a great amount of Fi€vering the nanopores, thefore,

the TiQ is not within the nanopores.

5.3.1.2 TitaniunbioxideInfiltration via SpirCoating Bposition

To estimate th@anostructured Tiglayer thickness within the nanopores
a crosssectional SEM study of the wRIBATIQ substrate was conducted
Figure 5.3xhibits the crossection SEM picture of the wiBIAA substrate
after the diluted TiOsolution infiltrationvia spin-coating deposition. The
double blue arrow is pointing the Bi@mount on the nanopores bottom. The
simple blue arrows are meng the actual TigdhicknessThe double purple
arrow denotes the MAPbperovskite layer, which was deposited after the
diluted TiQ-solution, now we focus on the Tifayer.Figure 5.3hows as the
TiQ layer is homogeneously distributed on the nan@sobottom covering
the aluminium surface. The nanostructured sTil@yer thckness was

estimated at 40 nm.
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Figure 53. Crosssection SEM view of the wiBIAA substrate after the diluted TiOx

solution infiltration via spigoating deposition. The scale is indicated in the picture
and the Ti@is marked by the blue arrows.

5.3.2MAPD} perovskite infiltration

To estimate the nanostructured MAPRHBayer thickness within the
nanoporesa crosssectional SEM study of the wRIAAMARI; substrates
was performedFiguresb.4, 5.5and5.5 a)andb) display the top ang) and
d) exhibit the crossection SENpicturesof the wBENAA substrates after the
MAPb$ perovskite precursor solutions infiltrations with a concentration of

1.5 M, 2 Mand 2.5 M, respectively.
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Fromfigure 5.4 apanoporeswith different colours can be distinguished,
some are black and others are white. The nanoporous layer thickness is about
1 um. The differences in the colour observed in the SEM pictures idgiven
the different filling degree of the nanopordéthe nanopores are partially
filled (it is means less than 500 nm) they will be black. If the nanopores are
almost filled (it means more than 500 nm and less than 1 pm) they will be
white. Infigure 5.4b) a grey layeof about 7 um over the nanoporesrche
observed (marked by the purple arrow). It is a MARWEr. Infigure 5.4c)
andd) the double purple arrows are marking the MARbickness and the
yellow one denotes the nanopores thickness. Frbese pictures, the

nanostructured MAPblayer thtkness was estimated at 700 nm.

Figure 5. a)andb) top; c)andd) crosssection SEM views of the wRIAA substrate

after the MAPRI(1.5 M) infiltration via sphaoating @position. The MAPHlayer is
marked by purple. The yellow double arrow denotes the nanopores thickness.
Picturesa)andc)were taken in backscattering mode. The scale bars are indicated in
each picture.
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In figures 5.5 a)and b) nanopores with a uniforngrey tone across the
surface can be observed. It is because the filling degree is homogeneous
through the nanoporous layer. Following the same reasoningfigure 5.4
a)the nanopores are partially filled.figure 5.5 d)the double purple arrows
are marking the MAPbLthickness and the yellow one denotes the nanopores
thickness. From these pictures, the nanostructured MARBpér thickness

was estimated at 500 nm.

Figure 5. a)andb) top; ¢)andd) crosssection SEM &ws of the wBINAA substrate

after the MAPRI (2 M) infiltration via spHtoating deposition. The MARKayer is
marked by purple. The yellow double arrow denotes the nanopores thickness.
Picturesc) and d) were taken in backscattering mode. The scalesiraticated in
each picture.
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Infigures 5.6 aandb) a kind of needles can be seen, marked by purples
arrows. These needles are the MARDystals, which grows over NAA surface
instead of growing inside the nanopores as it is expebidigures 5.6 rand
d) the double purple arrows are marking the MARmckness and the yellow
one denotes the nanopes thickness. From these pictures, the

nanostructured MAPblayer thickness was estimated at 1000 nm.

Figure 5. a)and b) top; c)andd) crosssection SEM views of the wRIAA substrate

after the MAPRI(2.5 M) infiltration via spHoating deposition. The MARHyer is
marked by purple. The yellow double arrow denotes the nanopores thickness.
Picturesa), c)andd) were taken in backscattering mode. The scales are indicated in
each picture.
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Fgure 5.7 a)shows the »Ray diffractograms for MARkperovskite
precursor solution deposited over an electropolished aluminium (black line)
and WBENAA substrates (purple lineFigure 5.7 b)isplays the XRD of
MAPb4 perovskite magnified in the regigh¥ O H ‘ ¢16[00 Mmh PR O H
26.0¢30.0). Infigure 5.7 a)yeveral diffraction peaks can be observed. In
agreement with reported literature, the peaks at 1420.0, 23.5, 24.5,

28.2, 31.7, 35.0, 40.5 and 43 in the XRD pattern corresponding(fid0),
(200), (211), (202), (220), (310), (312), (224) and @8ction planes of
MAPDb} perovskite, respective[51,252] Those diffraction peaks are
assigned to the crystal planes of the tetragonal lattice of the mixed halide
perovskite, indicating that the tetragonal MAPpérovskite structure is
formed[253] In figure 5.7 b)wo strongest intensities centred about 14.0
and 28.0can be seemorresponding to the more characteristic peaks of the
tetragonal MAPRIperovskite structure. Also, there are two more diffraction
peaks at 38.5and 44.8, corresponding to pure aluminiundue to the

aluminium is the base of thdeetropolished and wBNAA substrates.
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Figure 57. a) Measured Xay diffraction patterns of MAP{perovskitedeposited
over an electropolished aluminium (black line) and-WBA (purple line) substrates.
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5.3.3SpircOMeTAD lriltration
To calculate the spir®MeTAD height and check if it has infiltrated the

HC ®n

nanopores filling them and levelling the rough NAA surface an SEM study of

the wBENAAMAPD3-spiroOMeTAD substrate was carried deigures 5.8 a)

andb) exhibit the crossection andigures5.8c) andd) show the top SEM
pictures of wBINAAMAPD} substrate after the 72 mg/mL spi®MeTAD

solution deposition, at the spitnating speeds of 1500mpand 1000 rpm,

respectively.Figures 5.8 epnd f) correspnd to the same substrates as

figures 5.8 eandf) at a higher magnification.
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Infigures 5.8)andb) three layers can be distinguished, the MARbler
marked by a purple double arrow, therspDMeTAD layer marked by a green
double arrow and the sertiansparent electrode marked by an orange
double arrow. The yellow double arrow denotes the nanopore thickness.
From Ss= 1500 rpmfigure 5.8 @)and Ss= 1000 rpnffigure 5.8 b)}he total
thickness of the different infiltrated layers is estimate®®2 nm and 924
nm, respectively. Both thicknesses are less than the nanopores thickness (1
pm), therefore, part of the sertiansparent electrode is infiltrated into the
nanopores, and part of ibwers NAA surface.

Infigure 5.8t can be seen as the nanopores were not filled with the spiro
OMeTAD for any of the tested spinning speeds. The-§dteTAD layer
should fill the nanopores and form a flat film which covers NAA surface.
Although for Ss= 1000 rpm figure 5.8 b) the spro-OMeTAD can fill the
nanopores to a greater depth than for1Ss1500 rpm figure 5.8 a)) the
reached depth is not enough. The sgdMeTAD layer thicknesses were not
enough to fill the nanopores and cover NAA surfdaegefore a thicker spiro
OMeTADayer is necessary. figures 5.8 candd) and their magnifications
figures 5.8 e)andf), the semitransparent electrode surface, marked by
orange arrows, can be observed. This layer shows roughness on the semi

transparent electrode film.
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Figure 8B. a)andb) crosssection,c)andd) top SEM views of WBNAAMAPD} after

the spircOMeTADRIeposition at the spheoating speeds of 1500 rpm and 1000 rpm,
respectively, and the posterior elect®dhermal evaporation. The MABb$pirc
OMeTAD and the sertansparent electrode layers are marked by purple, green
and orange arrows, respectiveljhe yellow double arrow denotes the nanopores
thickness. Picturea) and b) were taken in backscatteringode. The scales are

indicated in each picture.
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Figures 5.9 @ndb) show the crossection andigures 5.¢)andd) show
the top SEM pictures of the wBBILAAMAPD} substrates after 105 mg/mL
and 140 mg/mL spir®MeTAD solutions infiltratiorgspectivey. Figures 5.9
e)andf) display the magnification picturesa)andd), respectively. Ifigures
5.9 a)andb) two layers can be distinguished, a MARayer marked by a
double purple arrow and the spH©@MeTAD layer marked by a double green
arrow. Theyellow double arrow denotes the nanopores thickness (1 pum). For
G = 105 mg/mLflgure 5.9 a@)and G = 140 mg/mLfigure 5.9 b) the total
thickness of the different infiltrated layers is estimated at 1.03 um and 1.45
pm, respectively. Ifigures 5.9 candd) and their magnificationgigures 5.9
e) andf), the spireOMeTAD film surface can be obsenkdures 5.9 &nd
e) show roughness on the spi@MeTAD film. On the other harfifjures 5.9
d) andf) exhibita flat spireOMeTAD film.

Infigure 5.9t can be seen as the nanopores were filled for both deposited
spin speeds, however, figure 5.9 afhe spircOMeTAD oly is filling the
nanopores while ifigure 5.9 b)the spircOMeTAD is not only filling the
nanopores but also @vering them and formg a flat film over the wBNAA
surface. The nanopores structure of the wWNBAA surface cannot be
observedon the topview picture.This indicates that spifOMeTAD has
infiltrated the nanopores filling them and also it is levelling the rough NAA
surface.The overall thickness of the layer resulted to be somehow higher

than optimum (~900 nmas100-300 nm) and @uld incur resistive losses.
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Figure 5. a) andb) top andc) andd) crosssection SEM views of wBIAAMAPD}

after 105 mg/mL and 140 mg/mL spi@MeTADsolutions deposition, respectively.

e) and f) magnifications views af) and d) respectively. The MARb&nd spire
OMeTAD layers are marked by purple and green arrows, respectively. The yellow
double arrow denotes theamopore thickness. Pictura3 c), €) andf) were taken

in backscattering mode. The scales are indicated in each picture
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5.3.4 Nanostructured perovskite solar cell device

To measure the height of each infiltrated material and check if their
height is homgeneous through the wBNLAA substrate a SEM study of the
nPSC device was conductddgure 5.10presents the crossection SEM
picture of one of the obtained nPSC devideswhich each material is
highlighted with a different colour as is indicated ie fhicture. Fronfigure
5.10 the thicknesses of the TiOMAPK, spircOMeTAD and semi
transparent electrode are estimated at 40 nm, 500 nm, 900 nm and 230 nm,

respectively.

Spiro-OMeTAD

Figure 510. Crosssection SEM view of the nPCSidewighlighting each material.
The picture wagaken in backscattering mode.

The Current densitysvoltage §\j characteristics of the best performing
nPSCs devices measured in dark and under simulated AM1.5G illumination
are shownnfigure 5.11 The Amary performance parameters values of the

devices are summaries fable 5.5 opencircuit voltage Yoc), shortcircuit
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current density &), fill factor (FF) and power conversion efficiency (PCE).
Results demonstrate that a working nanostructured pekiie® solar cell

usingbarrier layesfree NAAasenclosurds obtained.
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Figure 511 Current densitysvoltage §\j characteristics of the best performing
NPSCs devices in dark (hollow markers) and under simulated A.Mlulxfidation
(100 mwecrrf).

Voc[V] X.[mA/cn] FF[%]  PCE [%]
Purple 0.49 0.006 38 0.0L
Green 0.53 0.011 36 0.02
Red 0.56 0.014 36 0.03

Table 5. Primary performance parametewslues of the begperformingnPCSs
devicesmeasured at 1 SUN A.M. 1.5 illumination (100 mWcki: opencircuit
voltage,J¢ short circuit current density, FF: fill factor and PCE: power conversion
efficiency.

115



Theeffective active areaf the devicesvas calculatedith the area of the
illuminated device (0.28 cth Howeveralumina is an insulating maial, it
shouldbe takeninto account to calculate thieoreticaleffective active area
of the devicesTheporosityof aluminais about 10966]. So, thetheoretical
density current and efficiensalues can beorrecied in a 1Gactor.

Thelow JV characteristics are probably due to a combination of factors
linked to the morphological complexity of the devifiee extremely thick
layer of HTM, neessary to level thearrier layer freeNAA, is most probably
responsible for signdant lossesThe high density of structural defects
together with the great thickness of the overall device are likely responsible
for a great amount of charge trappingwasll as fast rates of recombination
dynamics with respect to charge percolation/gpeout to the respective

electrodes.

5.3.5 Semiransparent IEctrodeCharacterization

To check if the proposed setransparent electrode has good proprieties
as electrale its optical and electric properties were assessed. The measured
average transmittance {f and measured average sheet resistance.dRs
g tdzSa FNB HmM: | YR Figde 5.1Xshawf theNB & LIS C
transmittance spectra of the proposedeetrode aml the reference glass

substrate as a function of wavelength (38D nm).
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Figure 512 Optical transmittance spectra of the proposed s&w@msparent
electrode and the reference glass substrate.

The very low photovoltaic eftt can be attributed to the strong
absorbance of the anod&heU\~Visible characterisation of the alternating
WGs/Ag layers showed that the layer possesses a stronger absorbance than
that expected from the literaturé=urther optimisation would be necesyg
in order to find a better tradeff between high conductivity and low

absorbance.

5.4 Conclusions

In this chapter, the existing electrical contact between the aluminium and
the first infiltrated material, since a nPSC with PV effect is achieved, is
corroborated. So, the fact that aluminium can be used as electrical contact is
demonstrated.

The infiltrdion of different materialse.g.,oxides (Tig), hybrid organic
inorganic (MAPB), organics (spir®@MeTAD), within the nanopores of wBL
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NAA (with a namporous film thickness of about 1 pmasimple deposition
methods such as spoating is demonstrate Alsofigure 5.3shows as Ti©O
diffuses until the nanopores bottonSeveral tests to find the optimal
nanostructured layer thickness of each layerenvearried out. In the case of
the spircOMeTAD layer, the main aim was to level the rough NAA surface.
These tests consist of deposit a precursor solution or a solution of the
material, with distinct concentrationsyia spincoating method under
different deposition conditionsi.e., spin speed, spin acceleration and spin
time. In this way, the height of éhmaterial infiltrates can be controlled by
the spinning conditions and the material concentration, has been
demonstrated. Besides, cressction SEM piares exhibit as the height of
each material is homogeneous among all the nanopores. The best candition
to obtain the appropriate nanostructure layer thicknesses of each material
are summarized itable 5.6

Finally, a serransparent electrode which doesot damage the
perovskite layer, based on Wend Ag, is thermally deposited on top of the

solar cell structure.

Material C[M] WVd[uL] Ss[rpm] Ac [rpm/s] T [s]

TiOx 100 4000 2160 90
MAPb} 2 100 4000 3996 45
ssOMeTAD 0.114 100 1000 1080 90

Table5.6. Best conditions of the solutions depositions to obtain the appropriate
nanostructure layer thicknesses. C: concentration, Vd: deposited volume, Ss: spin
speed, Ac: spin acceleration, T: spin time.
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Results show that this ethodology permits the preparation of fully
working nanosuctured perovskite solar cellsingbarrier layefree NAAas
enclosureThe devices displayed modest value¥&i kg FF and power PCE
with respect to statef-the-art PSC devices, howevergdanost importantly,
the shape of theV characteristics provide unequivocal confirmation that an
ohmic contact is present between thaluminium substrate and the
successive layers. Indeed, the rectifying behaviour demonstrates that
electrons are injectedto the aluminium cathode and that a buiitfield is
present under open circuit conditioriherefore, it marks a starting pointfo
making cells with nanoporous structures. Further research will be underway
to improve the results. For example, it iseded to avoid the thermal
treatment of TiQ@ decrease the height of the spi@MVeTADayer, use its
dopants and increase the transmittance of the electrode gemsparent.

Also, different perovskites can be used.

119



Chapter 6

Improvement of Solutions fiftration
in Barrier LayeFree NA



In the following chapter, the optimization of the nanostructured
perovskite solar cell device obtained in the preceding chapter is investigated.
Several changes were introduced to achieve ar s@ll with bettercurrent
densityvoltage characteristicsThe experimental part of this chapter was
carried out in the CIDEMAT group of tbaiversity of Antioquiafrom
Medellin (Colombia)
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6.1 Introduction

In the previous chapter, a fully working namostured perovskitesolar
cell (nPSC) based on nanoporous anatlimina (NAA) waerformed. For
the first time, a photovoltaic effect in this kind of device was achieved.
However, the results obtained were very modest. Therefore, this work aimed
is to manufacture a nPSC with better results. To reach this aim several
changes on the materials infiltrated were carried out.

1) As is explained in the preceding chapter, NAA substrates which barrier
layer was previously removed and in which the-$alution isinfiltrated
(WBLNAATIQ) should be heated at 500C to obtain a Ti@ anatase
crystalline formationTo avoid this thermal treatment, which can damage
NAA, in this chapter the Ti®olution was replaced by commercial
nanoparticles of TiQwhich already sentan anatase crystalline form.

2) The perovskitemployed (MAPB) was substituted by a more stable
perovskite: the caesium formamidinium methylammonium lead iodide
bromide perovskite (CsFAMAPDIBr)  with stoichiometry
(FAPR)o. 7 MAPDbB#)0.14CsPB)o.os.

3) In the device manufactured in chaptetle spircOMeTAD layer was
very thick, this can produce resistive losses, so one of the most important
optimizations need is to reduce the thickness of this layer. Also, the
bis(trifluoromethylsulfonyl)amalithium salt solution and tetiutylpiridine
(dopants more commonly used for optimizing the performance of the-spiro
OMeTaD) were added.

4) Anotherimportant change is the serransparent electrode used. The

transmittance of the W& (50 nm)/Ag (12 nm)/\@ (105 nm)/Ag (12
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nm)/WQ; electrode was very loviherefore, several tests to optimizes the

transmittance were carried out.

6.2 Experimental
6.2.1 Titanium Dxidelnfiltration

To reach the goal of having a nanostructured titanium dioxide)(ay@r
thickness below 100 nm and withh@mogeneous height among all the
nanopores, distinct tests were carried out.v&ml titanium dioxide
nanoparticles (Ti&NPs) dispersions were prepared with different
concentrations and employing diverse solveiiise solvats used for the
TiQ-NPs dispesions were a mixture of deionized watep@) and ethanol
(GHsOH) at different volume fractions). Following, the effect of these
variables (Ti®NPs concentration and solvent) in the ;ANP’s infiltration
within the nanopoes was studied.

Initially, six iID>-NPs dispersions were tested at three concentrations (C):
C =2 mg/mL, C =5 mg/mL and C = 10 mg/mL and employing a mixture of
H.0:GHsOH with a volume ratio of 1:1 and 1:3 as solvents. After these tests,
the procedure wa further optimized by testingofir more TiI@NPs
dispersions: C = 3 mg/mL, C = 1.5 mg/mL, C = 1 mg/mL and C = 0.5 mg/mL,
employing a mixture of4@: GHsOH with a volume ratio of 1:1. To carry out
these tests2 mg, 5 mg, 10 mg and then 3 mg, 1.5 mg, land)0.5 mg of
TiQ-NPs werdalispersed in 1 mL of the solvent and subsequently, they were
vigorously stirred tachieve a good NPs dispersion.

The commercialTiQ-NPs presented an anatase crystalline form.
Therefore, a temperature treatment after eachiQ-NPs dispersion

deposition wa not necessary.heTiQ-NPsdispersions summarizedtable
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6.1were prepared and00 pL of each solution wedgop-casted on the top

of several wBINAAsubstrates elaborated under tlsame conditions.

Sub  TiQ-NPsconcentraton [mg/mL] Volume ratio [HO: GHsOH]

1 2 1:1
2 2 1:3
3 5 11
4 5 1:3
5 10 11
6 10 1:3
7 3 11
8 15 11
9 1 11
10 0.5 1:1

Table 6l. Conditions of the prepared titanium dioxide nanoparticles dispersions.
Sub: substte.

6.2.2CsFAMAPbDIBerovskite Infiltration

To achieve the aim of having a nanostructured caesium formamidinium
methylammonium lead iodide bromide (CsFAMAPDIBr) perovskite layer
thickness between 400 and 600 nm, and with a homogeneous height among
all the nanopores, a 1 M CsFAMAPDIBr perovskite precursor solution was
prepared, in a Nfilled glovebox, as is explaed on chapter 3 (3.2.3.3). The
precursor solution was filtered before its deposition. The -WBATIQ
substrates, made undedentical condions, were loaded in a spaoating
which is positioned in a diyox. 100 uL of CSFAMAPDIBr perovskite precursor
solution were dropped on the top tlseibstrates. After waiting for 60 s to let

the CSFAMAPDIBr perovskite precursor solution infiltratidreimanopores,
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the substrates were spicoated at 4000 rpm (3996 rpm/s) for 45 s, to obtain
the desired nanostructed CsFAMAPDIBr perovskite layer thickness between
400 nm and 600 nm. Later, the substrates were placed in a hotplate and they
were annealect 100 °C fol h.

Substrate CsFAMAPDIBr[M] Ss[rpm] Ac[rpm/s] T [s]
11 1.0 4000 3996 45

Table &. Conditions of the CSFAMAPDIBr perovskite precursor solution deposition.
Ss: spin speed, Ac: acceleration speed, T: spin time

6.2.3SpirecOMeTAD Infiltration

To reach the target of having2,2',7,7-Tetrakis[N,Nli(4-
methoxyphenyl)amingd,9' spirobifluorene (spir®MeTAD) with a height
between 100 nm and 300 nm a 70 mM sgrMeTAD solution was prepared,
in a N-filled gloveba, as is described on chapter 3 (3.2.3.4). Subsequently,
the soldion was vigorously stirred and filterédn ®H  >filter) befof@ &s
deposition.

The conditions of the spitfOMeTAD solution depositions are
summarized inable 6.3mnn > 2 T piio-RBeTADsOINi@werd
dropped, in a drnpox, on the top of tw WBLNAATIQ-CSFAMAPDIBr
substrates prepared under similar conditions. Each substrate wasosiad
at a different spin speed: Ss2500 rpm and $s 1500 nm, (2000 rpm/s) for
30 s, toobtain the desired spik®dMeTAD hgiht between 100 nm and 300

nm.
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Substrate  SpircOMeTAD [mM] Ss[rpm] Ac[rpm/s] T [s]
12 70 2500 2000 30
13 70 1500 2000 30

Table 6. Conditions of the spir@MeTADsolution depositionsSs: spin speed, Ac:
acceleration speed, T: spin time.

Following,several NAA substrates with a nanoporous film thickness of
about 650 nm, which barrier layers were previously removed were used as
substrates. The T¥NPs, CsFAMAPDIBerovskite precursosolution and
the spircOMeTAD solution were deposited as is indicatédble 6.4

Material CM] Vvd[pL] Ss[rpm] Ac [rpm/s] T [s]
TiQ-NPs 0.5 100 - - -
TC 1 100 4000 3996 45
sOMeTAD 0.70 100 2500 2000 30

Table &4. Corditions of the different solution depositions in a WRAA with a
nanoporous film thickness of 650 nm. TC: CsFAMAPDIBr, C: concentration, Ss: spin
speed, Ac: acceleration speed, T: spin time.

First, 100 pL of the TiIPs dispersion numbdO, (C = 0.5 mgL
employing a mixture of @ .GHsOHwith a volume ratio of 1)lwere drop-
casted on the top of the wBMAA substrates, to obtain the desired
nanostructured Tielayer thickness below 100 nm. Secondly, 100 pL of the 1
M CsFAMAPDIBr perovskite precursdutsan were deposited, in a dityox,
on the top of the previously deposited layer. After waiting for 60 s to let the
CsFAMAPDIBr perovskite precursor solutighratfon in the nanopores, the
substrates were spinoated at 4000 rpm (3996 rpm/s) for 43 pbtain the
desired nanostructured CsFAMAPDIBr perovskite layer thickness between

400 nm and 600 nm. Then, the substrates were placed in a hotplate and they
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were annealed at 100°Cfor K® CAyYylI ftfexX mnrOMePAD 2 ¥
solution were droppedin a drybox, on the top of the previously deposited
layer. The substrates were sfoated at 2500 rpm (2000 rpm/s) for 30 s, to
obtain the desired spir®OMeTA height between 100 nm and 300 nitis

very important to consider that to increase the @tide doping of the spiro
OMeTAD, substrates were kept in dark in a dry air chamber overnight before

the thermal evaporation of the sertransparent electrode.

6.2.4 Semilransparent Ectrode

To achieve the goal of having a highly conductive -samsparent
electrode, the indium tin oxideoated glasses (ITO) were used as substrates.
The ITO films of the ITO glasses were removed and then a
dielectric/metal/dielectric (DMD) multilayer was thealy evaporated over
the glasses substrates. The DMD mukitawas composed of tungsten
trioxide (WQ) and silver (Ag).

Figure 6.hows the seriransparent electrode structure which consists

of one thin Ag film surrounded by Wlayers (WQAg/WGCs;, WAW.

“ r
l Ag )
wo,

“ J

Figure 6L. Structure of tle semitransparent WAW electrode.

First, various ITO glasses were immersed in a mix of hydrochloric acid
(HCI) and zinc (Zn) to remove the ITO film by chemical etching. Subsequently,

the glass substrates were carefully brushed with Hellmanex soap izeéeion
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water solution and followinghey were cleaned by ultrasonication in the
Hellmanex soap deionized water solution, then in isopropanol and finally in
acetone for 15 min each. Afterwards, the substrates were placed in a UVO
cleaning system for 10 min temove the remaining organics atedincrease

their wettability[188]

Secondly, the glasses substrates were positioned in a thermal evaporation
chamber (vacuurpressure < 5x8torr, in an N-filled glovebox) and diverse
WAW multilayers were thermally deposited over the glasabstrates. To
find the optimal structure of the WAW multilayer several searisparent
electrodes with Ag thicknesses varying betweenn8 and 14 nm were
studied table 6.5.[254]

Number Corditions
1 WGQG; 50 nm/Ag 8 nm/We50 nm
2 WGQG; 50 nm/Ag 10 nm/We50 nm
3 WGQG; 50 nm/Ag 12 nm/We50 nm
4 WGQG; 50 nm/Ag 14 nm/We50 nm

Table 65. Conditions of theWAW multilayers proposed as semasnsparent
electrodes.

6.2.5 Nanostructure&erovskie Solar Cell Devicalfication

To fabricate a nanostructured perovskite solar cell (nPSC) dsaxeeal
WBLNAA substrates, prepared under identical conditions, with a nanoporous
film thickness of about 650 nm, were used as substratbs. TiQ-NPs,
CsFAMAPDIBr perovskite precursor solution and the-§hteTAD solution
were deposited as is explained at the esfdhe section6.2.3 (table 6.9.
Following, the wBNAATIQ-CsFAMAPDIBpirooOMeTAD substrates were

128



placed in the thermal evaporation chamber and using aftlhmmask the
semttransparent electrode was thermally deposited sequentigiig:; 50
nm/Ag 12 m/WQs; 50 nm. Afterwards, the thifilm mask was changed and
150 nm of Ag were thermally depositétie effective active area of the
devices is 0.19 cin

6.3 Results andigtussion
6.3.1 Titanium Dxidelnfiltration

In this section, the results from SEMides of the distinct Ti¥ENPs
dispersion infiltrations are summarized and conclusions aboubptienal
conditions to achieve a uniform pore bottom filling are obtained.

Initially, the dispersions numb&rC = 2 mg/mLB (C = 5 mg/mLand5
(C =10 mgnhL), employing a mixture ob®:GHsOH with a volume ratio of
1:1 were tested

Figures.2 a) c)ande)display the top SEM picturaadfigures 6.2 h)d)
andf) exhibit the EDX spectodithe wBENAA substrates infiltrated with BO
NPdispersions in #D:GHsOH(1:1) with a 2 mg/mL, 5 mg/mL and 10 mg/mL
concentrations, respectivelyinserted in each EDX spectra there is an
elemental mapping of the wBNAATIQ substrates.

Fromfigures 6.2 g)c) ande) nanopores with different grey tones can be
distinguished. Some nanopores are black, others look cloudy and others are
grey.For C = 2 mg/mifigure 6.2 a@)nanopores with distinct grey tones can
be seen, most of them are black and the nanopores circleolusy look
cloudy. While for C= 5 mg/nfiigure 6.2c)] and C = 10 mg/mifigure 6.2 €)
there are only nanopores with one grey tone, but with the difference that the

nanopores are black and grey, respectively.
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Figure . a),c)ande)top SEM views arfy), d) andf) EDX elmental analysisf the
WBLNAA substrates infiltrated with different Ti8Psdispersions in ¥ GHsOH
(1:1) with concentrations of 2 mg/mL, 5 mg/mL and 10 mg/mL, respectizedpin
coating depositin. There is a mapping inserted in each EDX spdtteascale bars
are indicated in each picture.
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In figures 6.2 h)d) andf) the EDX elemental analysis demonstrates a
strong peak corresponding to the aluminium (Al) since the-NvBA
substrate base is aluminium. Two further peaks can be observed
correponding to the titanium (Ti) whose intensity depends on the amount of
Ti. The mppings show the Ti distribution (therefore the JTdistribution)
represented by the blue dots. For C = 2 mg/figufe 6.2 b) the highest
concentration of blue dots in the dule of the picture can be seen. While for
C= 5 mg/mLfigure 6.2 d)and C =@ mg/mL[figure 6.2 f) the blue dots are
distributed for all the area, but with the difference that the number of blue
dots infigure 6.2 f)s bigger than ifigure 6.2 d)

The nanoporous layer thickness is about 1 um. The differences in grey
tone obsered in the SEM pictures is given by the different filling degree of
the nanopores. If the nanopores are partially filled (it is means less than 500
nm) they will be black. If theanopores are almost filled (it means more than
500 nm and less than 1 um) theill be cloudy. If the nanopores are filled (it
is means 1 um or more) they will be grey. Taking into account the previous
comments, fronfigure 6.2it can be learned the faling:

For C = 2 mg/mffijure 6.2 a)the nanopores circled by blue are almost
filled and the rest of the nanopores are not. This can be confirmed with the
mapping inserted ifigure 6.2 b) The highest concentration of blue dots is in
the middle of the frture, this means that there is a higmount of Ti and
therefore TiQwithin these nanopores.

For C = 5 mg/mffigure 6.2 d)most of the nanopores are partially filled.
The mapping inserted ifigure 6.2 d)exhibits how the blue dots are
distributed forall over the area, this means that tfieand therefore Tifs

homogeneously dispersed within the nanopores.
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For C = 10 mg/miigure 6.2 €)the nanopores are filled withiQ.In the
mapping inserted in thfigure 6.2 fihere is a high concentratiorf blue dots
in all the area, this means that thesea high amount of Ti and therefore the
TiQ s filling the nanopores.

Figure 6.2 ajlemonstrates anon-homogeneous Tiglistribution within
the nanopores since some nanopsrare partially filled and aghs are not.
Figures 6.2 @nde)display a distribution more homogeneous tligure6.2
a) since most of the nanopores are partially filled and filled, respectively.

The results of this test show that to achieve a nanostructuregldyer
thickness blw 100 nm homogeneously deposited on the whole-NBIA
area,dispersions numbet (C =2 mgimL) and5 (C = 10 mg/mL) should be
discarded as they tend to have nanopores partially filled and filled,

respectively.
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A crosssection SEM of the wBNAA corresponding to the dispersion
number3 (C = 5 mg/mL) was obtained to estimate #wtual amount of
infiltrated TiQ. Figures 6.3 andb) display the crossection SEM pictures
of NAAWBL substrate infiltrated with a BiPs dispersion in.8:GHsOH
(2:1), with a concentration of 5 mg/mL. The blue arrows mark theHi@n

figures 63 a)andb) the nanostructuredliQ layer thickness was estimated

at 500 nm.

rE

Figure 63. a) andb) crosssection SEM views of NAVBL subisate infiltrated with

a TiG-NPs dispersion in,B:GHsOH(1:1) with a concentration of 5 mg/mlia spin
coating depositionThe scale bars are indicated in each picture and thgigiO
marked by blue arrows.

g"“” , . -

Secondly, the dispersions numt&fC = 2 mgnL),4 (C = 5 mg/mLand
6 (10 mg/mL), employing a mixture af®iGHsOH with a volume ratio of 1:3
were tested. Figures 6.4 and c) exhibit the top andigures6.4 b) andd)
demonstrate the crossection SEM pictures of the wRIAA substrates
infiltrated with the TI@NPs dispesionsin HO:GHsOH (1:3with a 2 mg/mL
and 5 mg/mL concentrations, respectiv@lize blue arrows armarking the

TiQ.
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In figures 6.4 apndb) two zones can be distinguishel.zone in which
the nanopores are black and a zanewhich there is grey film on top of
NAA structure. While frorfigures 6.4 candd) only nanopores with a grey
colour can be seen. Following the same analysis as for the dispersioer
1, 3 and 5for C = 2 mg/mLfigure 6.4 ajandb)] it can be senas a high
portion of the nanopores are filled with the FiGor C = 5 mg/mfidgure 6.4
c)andd)] it can be observeds the nanopores are filled with the ZiO

Comparing the pictures correspondingGe 2 mg/mL figure 6.4 a)and
C = 5 mg/mL figure 6.4 c)] in HOGHsOH (1:3) with the pictures
corresponding ta&C=2 mg/mL[figure 6.2 a)andC=5 mg/mL][figure 6.2 ¢)
in BO:GHsOHOH (1:1)exhibit a similarTiQ distribution within the
nanopores. But, a difference in the nanopores filling candbieed, figure
6.4 a)displays most of the nanopores filled while figrire 6.4 cylisplays all
the nanopores filled, insteadjgure 6.2 a)demonstrates most of the
nanopores partially filled and tHigure 6.2 cyhows all the nanopores almost
filled.

This result can be caused by the fact tatsOHis more volatile than
H.O, consequently,850H evaporates faster than®L When the solution is
dropped on thesubstrate,if the droplet volume is smaller, evaporation will
take a shorter time and the solah has not enough time to infiltrate the
nanopores. Therefore, the BHPswill be covering the nanoporek this
case, the substrates correspondingthe cancentration ofLO mg/mL was not
characterized by SEM because employing the 5 mg/mL concentratio
dispersion the nanopores are already fill®dith these results, it can be
concluded that the most homogeneous Fdistribution was achieved with

the number3 dispersion: 5 mg/mL in2B:GHsOH (1:1). Nevertheless, the
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nanostructured Ti®layer thicknesss estimated at 500 nm, which is too
thick, since the aim t® achieve a nanostructured Thifayer thickness below
100 nm.

Figure 64. a)and b) top andc) and d) crosssection SEM views of the wRIAA
infiltrated with TiG-NPs dispersions in@&:GHsOH(1:3) with a concentration of 2
mg/mL and 5 mg/mL, respectively, via spiating deposition. The scalerbare
indicated in each picture and the Ti®marked by blue arrows.

Finally, dispersionsumber7 (C = 3 mg/mLjjumber 8(C = 1.5 mg/mL),
number9 (C = 1 mg/mL) and numbEd(C = 0.5 mg/mL¢mploying a mixture
of O:GHsOHwith a volume ratio of 1:tvere tested.

Figures 6.5 ap), ¢) andd) display the top SEM pictures of the WRBAA
substrates infiltrated wit a TiG-NPsdispersion in FOD.GHsOH with a
volume ratio 1:1 and with T#NPs concentrations of 3 mg/mL, 1.5 mg/mL, 1
mg/mL and 0.5 mg/mL, respectively figure 6.5nanopores with a distinct

colour can be distinguished. Some nanopores are black hedsare grey
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Following the same analysis as for the dispersiomsber 1 © 6, br C = 3
mg/mL figure 6.5 a) C = 1 mg/mlfigure 6.5 ¢)and C = 0.5 mg/mifigure

6.5 d), it can be seen as most of the nanopores are partially filled, on the
other hand for C = 1.5 mg/mlfigure 6.5 b) most of the nanopores are
almost filledFigures 6.5 a§) andd) exhibitahomogeneous Tiglistribution

while b) demonstrates a no homogeneous distribution. Therefore, a cross
section SEM of the wBMAA substrates iitfrated with C = 3 mg/mL, C =1
mg/mL and C = 0.5 mg/mL were obtained to estimate the actual amount of
infiltrated TiQ.

. 05 mg/ml

Figure 6. a), b), candd) top SEM views of the wBNAA infiltrated with different
TiQ-NPs dispersns in HO:GHsOH (1:1) with concentrations of 3 mg/mL, 1.5
mg/mL, 1 mg/mL and 0.5 mg/mL, respectivalyspin-coating deposition. The scale
bars are indicated in each picture.
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Figures6.6 a) b), andc) display the crossection SEM pictures of the
wBL-NAA substrates infiltrated with the B#Psdispersion in HED:GHsOH
(1:1) and with concentrations of 3 mg/mL, 1 mg/mL and 0.5 mg/mL
respectively.The blue arrows are marking the Zi®rom figure 6.6 a)
nanostructured Ti@layer thickness was estimatadl 300 nm, which is still
too thick and fromfigures 6.6b) and ¢) nanostructured Ti® layers
thicknesses were estimated lower than 100 nm. Alse;NK3 are covering
the aluminium surface. Asc@nsequence of the method to open the cross

section for theSEM investigation.

Figure 6. a), b), andc) crosssection SEM views of the wRIAA infiltrated with
different TiQ-NPs dispersions in®:GHsOH (1:1) witltoncentrations of 3 mg/mL,

1 mg/mL and 0.5 mg/mL, respectivelg, spircoating deposition. The scale bars are
indicated in each picture and the Ti®marked by blue arrows.
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