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1.1 Motivation and Background

Nanotechnology research has achieved great attention in the last
decades. Nano-sized materials present excellent and unique optical,
electrical, magnetic, catalytic, biological, or mechanical properties.[1]
Therefore, nanomaterials can implicate in several fields such as chemistry,
sensors, biotechnology, electronics and so on.[2,3]

Currently, one of the most active nanotechnology research is based on
nanoporous materials synthesized by electrochemical techniques, such as
nanoporous anodic alumina (NAA). NAA prepared by aluminium substrates
anodization possesses exceptional chemical, optical and mechanical
properties, for example, chemical resistance, thermal stability, hardness,
biocompatibility and large specific surface area.[4] NAA is an excellent
platform to develop applications as cell adhesion and culture,[5-7]
chemical/biological sensing,[8—10], drug delivery,[11,12] energy generation
and storage and template synthesis.[13-16]

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

Approximately 80% of global energy consumption, which includes
supplying 65% of global electricity generation comes from fossil fuels (coal,
oil and natural gas).[17] Reducing our dependence on these energy sources
by moving to renewable ones such as wind and solar will enable a notable
reduction in carbon emissions. If humanity does not act quickly to reduce

emissions of greenhouse gases, particularly carbon dioxide (CO;) released
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through the burning of fossil fuels, we face devastating consequences.
Fortunately, society is increasingly aware of the usage of sustainable energy
sources that protect the environment, such as solar energy.

The Sun is the main source 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's atmosphere is around 1361 W/m?.[18] This energy can be used
for heating, by plants for the process of photosynthesis and for generating
electricity. Nowadays, solar energy is one of the most important renewable
energy for getting a future sustainable.

Organic-inorganic hybrid perovskites (OIHPs) have drawn tremendous
research attention in the past years because of their various advantages for
photovoltaic (PV) applications such as large absorption coefficient,[19]
suitable bandgap,[20] excellent crystallinity[21] and long carrier diffusion
length. To judge the feasibility of the commercialization of photovoltaic
technology, three factors are usually considered: cost, efficiency and stability.
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 be low- cost because of their low
material and fabrication costs. In a few years, its PCE almost reaches the value
of silicon solar cells. However, stability still requires further development.

This thesis aim is focused on the use of NAA technology to develop
nanostructured perovskite solar cells. Confining perovskite nanocrystals
within NAA considerably increases its stability because NAA templates
propitiously serve as an encapsulation.[22] Therefore, first, the
familiarization process with the manufacture and characterization of NAA, as

well as of high-efficiency PSCs, by known standard methods were conducted.
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NAA has not electric contact between the interior of the nanopores and the
aluminium substrate. It is due to the as-produced compact oxide layer
(barrier layer) at the nanopore bottom. So, the first goal achieved is to
remove this thick barrier layer under controlled anodization conditions. With
this structural modification, electric contact between the aluminium of NAA
substrate 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 hypothesis in this PhD. dissertation is that by confining the
PSC structure within the nanopores of NAA, its performance and durability
can be improved. This hypothesis requires to demonstrate the feasibility of
such nanostructured PSCs. The goal of this work will be to check this
hypothesis by achieving full working nanostructured PSC for the first time and
measuring/studying their properties. In this PhD essay, the design and
fabrication of an energy generation device founded on nanostructured

perovskite solar cells based on NAA technology are presented.

1.2 Summary
The thesis is organized as follows:

In chapter 2, the fundamentals of the nanoporous anodic alumina are
explicated. Going through its history, structure, electrochemistry,
anodization methods, structural characteristics and anodization parameters.
Also, the fundamentals of the perovskite solar cells are expounded. Giving an
overview through its history, structure, materials, deposition methods and

photovoltaic parameters.
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In chapter 3, the experimental methods employed for 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 thesis, are described.

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

In chapter 5, a novel type of perovskite solar cell device on a metallic
substrate, using nanoporous anodic alumina as a enclosure, is presented. The
experimental methods used for infiltrating distinct kinds of materials within
the nanoporous anodic alumina membrane, which barrier layer was
previously removed, are explained. A nanostructured perovskite solar cell
device is manufactured, and its current density-voltage characteristics are
measured.

In chapter 6, the optimization of the nanostructured perovskite solar cell
device obtained in the preceding chapter is investigated. Several changes
were introduced to achieve a solar cell with better current density-voltage
characteristics. The experimental part of this chapter was carried out in the
CIDEMAT group of the University of Antioquia from 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.

Following, there are two appendixes. The appendix | and Il, in which the
characterization and the thin-film deposition techniques used in this thesis
are briefly explained, respectively. At the end of the document, there is a list

of the references used to carry out this work.




UNIVERSITAT ROVIRA I VIRGILI
TOWARD NANOSTRUCTURED PEROVSKITE SOLAR CELLS BASED ON NANOPOROUS ANODIC ALUMINA TECHNOLOGY
Maria Del Pilar Montero Rama

Chapter 2

Fundamentals of Nanoporous Anodic
Alumina and Perovskite Solar Cells
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In the following chapter, the fundamentals of the nanoporous anodic
alumina are explicated. Going through its history, structure,
electrochemistry, anodization methods, structural characteristics and
anodization parameters. Also, the fundamentals of the perovskite solar cells
are expounded. Giving an overview through its history, structure, materials,

deposition methods and photovoltaic parameters.
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2.1 Fundamentals of Nanoporous Anodic Alumina
2.1.1 Brief History

Aluminium exposed to the atmospheric air creates a natural protective
layer of aluminium oxide (Al,03, alumina). At the beginning of the 20"
century, the aluminium anodization process (an electrochemical process in
which the chemistry surface of the aluminium is changed via oxidation using
an electrolyte to produce an anodic oxide layer that is thick enough to avoid
further oxidation) was used by industry mainly to protect metal components
from corrosion[23] and with decorative proposes.[24]

However, with the discovery of the electron microscopy, Keller et al.[25]
characterized the anodic alumina structure for the first time in 1953. They
describe the nanoporous anodic alumina (NAA) structure such as a
hexagonally arranged arrays of pores in the nanometre range (nanopores). In
which, the diameter of the nanopores (D) and the interpore distance (Dint,
the distance between the centres of adjacent pores) are proportional to the
anodization voltage (U), which led to an increased interest in research on
NAA.

Several theoretical models about pore nucleation and growth in NAA
have been suggested,[26—-31] but the actual mechanism of NAA growth has
yet to be completely clarified. The first theoretical models were developed by
Diggle et.al in 1968.[26] Subsequently, Thomson and Wood provide a better
understanding of the growth mechanism of NAA.[27,28] In 1995 Masuda and
Fukuda[32] developed a two-step anodization process, this fabrication
process is a cheap way of fabricating nanoporous structures based on
aluminium oxide, which marked an inflexion point in NAA history. In 2002,

Nielsch et al. proposed an empirical rule that self-ordering of porous alumina
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requires a porosity (P) of about 10% irrespective of the anodizing potential,
electrolyte composition and anodization conditions.[33] Later many different
types of anodization techniques have been established.[34—-36]

Depending on the electrolyte chemical nature (neutral or acid) used in
the anodization process a different type of Al,Oscan be formed: a non-porous
also called barrier type and a porous also called nanoporous anodic alumina
(NAA). In the non-porous, the anodic oxide layer is compact, thin, amorphous,
wear-resistant and behaves as an electrical insulator. In the porous, the
anodic oxide layer is thick and porous.[37] Figure 2.1 displays the formation

diagram of both types of membranes.

Non-porous

QAnodization process%

E

Al,O,

. Aluminium

Porous

Figure 2.1. Formation diagram of non-porous and porous NAA by aluminium through
the anodization process.
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In the last decades, many researchers have focused on studying NAA for
its use as templates in a great variety of nanotechnology applications.[38—42]
Due to its stability, cost-effective scalable production and highly tuneable
properties can be obtained templates for nanofabrication with desired
geometrical features.[43—45]

NAA has attracted scientific attention in its use not only as a template for
fabricating structurally well-defined nanostructures (nanowires,[46]
nanotubes[47] and nanodots)[48] via electrochemical, physical and chemical
deposition methods into NAA, which allows the enhancement of magnetic,
electric, catalytic, optical and sensing properties of the deposited materials,
due to the small size and high-aspect-ratio of the obtained
nanostructures.[49] But also, NAA is a starting material for developing high-
performance sensors, photonic, energy harvesting and memory devices.[50—
54]

Nanostructured materials have opened a promising way to future
renewable energy sources with high conversion efficiency, especially
nanostructured solar cells.[55-57] This kind of solar cell uses the advantages
of nanostructured gratings for the improvement of light trapping or capturing
capacity into the substrate.[58,59] The nanostructured devices reduce the
volume of semiconductor materials and enable beneficial optical
management, novel conversion mechanisms and improvement of carrier
generation and collection.[60-62] These technologies are expected to

contribute significantly to a sustainable future for the next generation.[63]

10
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2.1.2 Unit Cell Structure and Chemical Composition

NAA has a honeycomb-like structure in which the hexagon is the unit cell,
NAA is formed by numerous hexagonal cells. Figure 2.2 a) shows
schematically an idealized NAA honeycomb-like structure. In figure 2.2 b) the
main parameters (explained in more detail in section 2.1.5) which describe
NAA structure[25,37,64,65] are marked: Interpore distance (Di), pore
diameter (Dp), pore wall thickness (Tw) NAA thickness (L), pore density (pp),

porosity (P) and barrier layer thickness (Ts).

Figure 2.2. a) NAA honey-comb structure b) NAA structure main parameters: L: NAA
thickness, D,: pore diameter, Dine: interpore distance, Ty: barrier layer thickness and
Tw: pore wall thickness.

Every cell encloses, as can be seen in figure 2.3 three parts: An inner layer
(which can be considered the skeleton) which consists of a hexagonal 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 layer at the
triple cell junction. The inner layer is composed of pure Al,O3 and the outer

layer is composed of Al,O3 contaminated with impurities (anionic species i.e.

11
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phosphate, sulphate, oxalate, etc.) from the electrolyte.[66] Figure 2.3 b)

exhibits the scanning electron microscopy (SEM) picture of NAA top view.

a)   b)

-~ Innerlayer

—

«—r Outer layer ——s

\_/

Contaminated Al,O,

D Pure Al,O,

D Electrolyte/air

Figure 2.3. a) Top and b) cross-sectional views of NAA pore showing the chemical
composition distribution inside the nanopore walls. ¢) Top SEM view of NAA. The
scale is indicated in the picture.

The thickness ratio of inner and outer layers (ri/o) depends on the
electrolyte in the order: sulphuric acid (H2SO4) < oxalic acid (H2C;04) <
phosphoric acid (H3PO.) < chromic acid (H2CrO4).[67] Also, Han et al.
demonstrated that the anionic impurities incorporated depend on the
anodization time and the electrolyte concentration.[68] They reported that
electrolyte concentration decrease along the pore, so the contaminated area
will be thicker on the top of the pores. Besides, one important property of

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

12
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the inner layer, which prevents the structure from collapsing even at high

porosity.

2.1.3 Electrochemistry of Nanoporous Anodic Alumina

Aluminium oxidation can be controlled by the electrochemical aluminium
anodization process. Anodic films are formed on aluminium by passing a
direct voltage (U) through an electrolytic solution (aqueous solution of acid,
e.g., H2S04, HoC,04 and H3PO4). Aluminium works as the anode and a material
that will not be affected by the electrochemical process (usually a platinum
wire) is used as the cathode.

The applied U generates a high electric field (E) across the pre-existing
thin oxide film on the surface of aluminium (natural protective layer). Under
E, the negatively charged anions (0> and OH") of the solution migrate to the
anode in which aluminium will be positively charged with consequent
electrons lost. If a U, which is different depending on the electrolyte used, is
applied between the cathode and anode, pores nucleate and start to grow
on the aluminium surface. NAA membranes are generally formed under
constant U or constant current density (/) conditions. Under a constant U, a
typical anodization J versus time (t) curve, as is showed in figure 2.4 can be

divided into four NAA growth stages.[30,31,69—-71]

13
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Current Density [mA/cm?]

O 1
0 Time [s] 800

Figure 2.4. Current density vs time curve during nanopores formation, which is

divided into four stages. 1) A film of Al,Os starts to grow and forms a compact barrier
layer, Il) pores start to grow, lll) the anodizing process continues and V)
arrangement of pores occurs and continues to grow.

Stage |, the compact oxide (also known as barrier layer) grows as a result
of the field-assisted migration of 0% ions 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. (I,
figure 2.4 and figure 2.5)

Stage Il, as the compact oxide thickness reaches a relatively big value 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 those points, the

electric field is enhanced concerning the average value for the complete

14
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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. These two processes produce the nucleation of the pores:
the formation of concavities at random points on the oxide surface. (ll, figure
2.4 and figure 2.5)

Stage Ill, at the beginning of the pore growth, the rate of the local
dissolution of the oxide at the nucleation sites is bigger than the rate of oxide
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 electric field improves the local
dissolution of the oxide. As a consequence, the thickness of the oxide is
reduced, increasing the observed current. The concavities become deeper
forming a pore. (lll, figure 2.4 and figure 2.5)

Stage IV, the increase in current causes, in turn, an increase in the rate of
oxide formation 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 bottom of the pore
and ii) local production of barrier 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. (IV, figure 2.4 and
figure 2.5).

15
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u
AlL,O,
. Aluminium

Figure 2.5. Schematic of NAA growth process under constant voltage condition. | to

IV Morphology development with anodization time increasing.

The growth mechanism in steady-state (IV) is the result of competing
oxidation (Al,O3 formation at the aluminium-oxide interface) and dissolution
(Al,03 dissolution at the oxide-electrolyte interface) through the anodization
process. Although it is not clarified, some possible reactions that are probably

taking place have been reported.[72—76]

Equation 2.1 shows the overall oxidation-reduction (redox) reaction that
takes place during anodizing, it is the sum of the separate reactions at each

electrode.

2Alg) +3H, 0y = Al O35y + 315 (g) (2.1)
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The process starts with the heterolysis dissociation of water, equation

2.2).

2H, 00 = Oloxy + OHggyy + 3H (4q) (2.2)

The 0% and OH anions, under the influence of the electric field (E), leave
the oxide-electrolyte interface and migrate through the barrier layer until the
aluminium-oxide interface. When O?% arrives at the aluminium-oxide
interface, the metallic aluminium is oxidized (equation 2.2) and forms Al,Os
(equation 2.3). The AI** and O? ionic transport at the anode is illustrated in a

schematic diagram in figure 2.6.

ALYy > Al + 3e” (2.3)
2Al(3;x) + 30(20;) — Al 05 (s

H* in contact with e released from the dissociation of water forms H»

(equation 2.4).

6H(leq) + 6e” > 3H2(g) (25)

Electrolyte
Al,O4

. Aluminium

Figure 2.6. Schematic diagram illustrating the ionic transport in porous anodic films

on aluminium.
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2.1.4 Anodization Methods

Porous NAA membranes can be manufactured using different anodization
methods to obtain membranes with specific characteristics. In this section,
the most used methods are described: hard anodization (HA) and mild

anodization (MA).

2.1.4.1 Hard Anodization

For a given anodizing electrolyte, there is a breakdown potential (Up)
value (27 V, 50 V and 197 V for H2S0a4, H2C204 and H3POa, respectively)[77-
79] above which anodization is difficult to maintain due to the local current
flow and consequent Joule heating which produces local burning. HA uses
voltages above Up[70]. This anodization produces NAA films faster and with a
higher porous anodic layer growth rate than using MA.[80] However, the
substrate can be damaged because of the high voltage employed. For this

reason, HA is not used for nanotechnology research.

2.1.4.2 Mild Anodization (Two-Step Anodization)

Masuda and Fukuda developed in 1995 the so-called “two-step
anodization” process[32] for fabricating NAA membranes with a highly
ordered arrangement of uniform nanopores. They found that a long
anodization process produces an almost ideally arranged honeycomb
structure since the pores at the bottom start to be ordered in hexagonal
arrays. In the first anodization step, NAA membrane with disordered pores at
the top but with ordered pores at the bottom is obtained [figure 2.7 b)]. After,
NAA membrane (disordered pores) is removed resulting in a pre-patterned

aluminium surface with a self-arranged array of concavities (which will act as
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the nucleation points in the second step) [figure 2.7 c)]. In the second
anodization, carried out at the same conditions as the first one, the pores
start to nucleate at these concavities and form a self-arranged array [figure
2.7 d)]. With this method is possible to obtain uniform pore diameter (D,) and
interpore distance (Djn:) that can be easily tuned by the selection of

appropriate anodization conditions.[70,80]

e

AL,
Dissolution

Nucleation points

Second Step AlLO,
. Aluminium

Figure 2.7. Conventional two-step MA process for self-ordered porous NAA a)
Aluminium substrate, b) disordered nanopores, c) patterned aluminium surface and
d) ordered nanopores.

2.1.5 Structural Characteristics and Anodization Parameters

The structural characteristics of NAA template: interpore distance (Dint),
pore diameter (D,), pore wall thickness (Tw), NAA thickness (L), porosity (P),
pore density (pp) and barrier layer thickness (Tw), can be controlled by the
following anodization parameters: electrolyte type, total current charge (Q)
and anodization voltage (U).[25,37,64,65] For ideally ordered NAA, the

following relationships can be drawn by simple geometric consideration:

19



UNIVERSITAT ROVIRA I VIRGILI

TOWARD NANOSTRUCTURED PEROVSKITE SOLAR CELLS BASED ON NANOPOROUS ANODIC ALUMINA TECHNOLOGY

Maria Del Pilar Montero Rama

Dint = Dy + 2T, [nm]
D, = £,U [nm]
Dint = LineU [nm]

P= (%) (DD—fw) 100 [%]

2 —
oo = (g ) 107 o)

Ty = £ U [nm]

(2.10)

(2.11)

The Interpore distance (Din) is the distance between the centres of

adjacent pores. It is directly correlated with the pore diameter (D,) and the

pore wall thickness (Tw) by equation 2.6. D, is the diameter of the pores. D,

and Dinrare linearly proportional to the anodizing voltage (U) by equations 2.7

and 2.8, respectively, with proportionality constants (A) of approximately A, =

1.29 nm/V and Aj,x = 2.5 nm/V.[30,70] D, and Din: values depend on the

anodization conditions. D, can range from 20 to 200 nm and Dint from 50 to

500 nm under MA conditions, depending on the applied voltage as figure 2.8

shows.
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BASED ON NANOPOROUS ANODIC ALUMINA TECHNOLOGY
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Figure 2.8. Relationship between Dir: and U (deep-red line) and between Dy, and U
(grey line) under MA. In sulphuric (green circles), oxalic (blue circles) and phosphoric

(orange circles).

NAA thickness (L) is proportional to the total current charge (Q) involved

in the electrochemical oxidation.[81,82] Therefore, the depth of oxide

nanopores is easily tuneable from a few tens of nanometres up to hundreds

of micrometres by controlling Q.[30,83]

The Porosity (P) can be defined as the ratio of the surface occupied by the

pores of the total substrate surface. Under MA conditions, porosity follows

rule and is always about 10%.[66] P can be correlated with D, and Dix: by

equation 2.9. The pore density (pp), is the number of pores that can be found

in a specific area. The relationship between p, and Dint can be expressed by

the equation 2.10.
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During the aluminium anodization, a very thin, dense and compact
dielectric layer is formed at the pore bottoms. This layer called barrier layer
(Tw) is one of the most important structural parameters of NAA for
understanding the kinetics of the electrochemical oxidation of aluminium.
Like other structural parameter is directly proportional to U by equation 2.11
with a proportionality constant (An) of approximately 1.3 nm/V for
MA.[30,70].

The pore diameter, wall thickness, as well as the barrier layer thickness of
the as-produced NAA can be easily altered by post-treatment procedures
involving chemical etching, it is known as pore widening. It consists of
immersing the anodized substrates into a phosphoric acid solution (5% wt.
concentration) at 35°C for a controlled period. This acid will dissolve the pore

oxide walls. [84,85]

2.1.5.1 Electrolyte Type

NAA can be easily fabricated by anodization of aluminium in different
kinds of electrolytes, such as sulphuric acid (H2S04)[86], oxalic acid
(H2C204)[87], phosphoric acid (H3PO4).[88], and chromic acid (H2Cr0a4).[27]
However, for neutral electrolytes with pH in the range of 5-7, only barrier-
type alumina thin film can be formed. This work is only focused on the former
porous-type. The temperature, concentration and pH of the electrolyte affect
strongly to NAA structural characteristics.

The electrolyte temperature (T) is a crucial parameter take into account
since during the anodizing process an increase in temperature is probable to
occur because of local heating.[89,90] This temperature increase can result

in the rapid dissolution of the pore walls due to the burning phenomenon.
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Besides, the pore growth rate and pore diameter are affected by this
parameter, decreasing as T is reduced. High temperatures lead not only to
faster growth rates but also to a high dissolution rate of formed Al,03; which
promotes larger pores.[91,92] For high anodization voltages, the electrolyte
temperature can be kept below 0 °C by adding a certain quantity of ethanol
(C2HsOH) to the acid agueous solution. Another parameter that affects the
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 homogeneous during the anodization process.

The pore diameter (D,) is mainly affected by the electrolyte pH in which
value is given by the acid type and its concentration. Low pH values need low
anodization voltages, which implies a reduced dissolution of Al,Os which
induce smaller pores. For this reason, pores are wider using H3PO4 and

thinner using H2S04.[93]

2.1.5.2 Anodization Voltage

The pore diameter (Dp) and interpore distance (Din¢) can be varied from
several to hundreds of nanometres mainly by changing the anodization
voltage (U).[32,37,65,94,95] It is restricted for a given electrolyte and its
concentration since if U is excessively high, the oxide barrier layer usually
burns and the pore growth is not homogeneous. This phenomenon occurs
due to the conductivity increase in the oxide barrier layer at the pore bottom
tips produced by local heating, ionization of atoms that generate more
electrons due to energy from the electric field and breakdown of the oxide

barrier layer from pre-existing cracks.
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To summarize, in table 2.1 the 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 between the anodization parameters and NAA

structural characteristics are indicated.

H2S0s4  H2C:02  H3PO4

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

Table 2.1. MA parameters for the mostly used anodizing electrolytes.

Dt Dp P pp Tor

pH a a a 1/a a
T - a 1/a «a 1/a
U a a 1/a «a a

Table 2.2. Qualitative relationship indicating the direct (a) or inverse (1/a)
dependence between anodization parameters and structural characteristics of the
resulting NAA. Din:: interpore distance, D,: pore diameter, P: porosity, pp: pore
density, Ty barrier layer thickness, T: temperature and U: anodization voltage.
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2.2 Fundamentals of Perovskite Solar Cells
2.2.1 Solar Cell Overview

A solar cell, also called photovoltaic (PV, photo means "light” and voltaic
mean "electric potential”) cell is any device that generates electricity directly
from the visible light through the photovoltaic effect.[96] Since the PV effect
was discovered by A. E. Becquerel in 1839[97] a process where a photon of
energy is directly converted into electricity, scientists have developed
different technologies and have used different materials to leverage this
sustainable energy. The first operational solar cell, based on selenium or
copper-gold junction, was reported by C. Fritts in 1885.[98] They obtained a
device with less than 1 % efficiency. However, the PV mechanism was not
understood since the sunlight was not perceived as a fuel. It came out in the
following years that the photovoltaic effect had the same origin as the
photoelectric effect: the quantum nature of light, chiefly introduced by A.
Einsteinin 1905.[99] In 1941[100], 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 solar cells. The first
silicon solar cell which converted solar radiation into electrical energy was
reported with an efficiency of 6% by D.M. Chapin et.al. in 1954.[101]

The development of solar cell technology has gone through three stages,
which are known as three generations:

1. First-generation, based on silicon wafers (mono and polycrystalline).
Most solar cells and modules sold today are made of crystalline silicon, single-
crystalline and polycrystalline silicon wafers with high purity. Nowadays,
technologies based on silicon has reached 27.6% of efficiency with silicon

single crystals.[102]

25



UNIVERSITAT ROVIRA I VIRGILI
TOWARD NANOSTRUCTURED PEROVSKITE SOLAR CELLS BASED ON NANOPOROUS ANODIC ALUMINA TECHNOLOGY
Maria Del Pilar Montero Rama

2. Second-generation, based on thin-film technology. In this approach, a
thin layer of active material, for example, amorphous silicon (a-Si), 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 flexible and lower in
weight. Currently, technologies based on thin-film technology has reached
23.4% of efficiency.[103]

3. Third-generation refers to different emerging technologies which aim
is to produce solar cells with lower cost and higher efficiency. The third-
generation technologies normally include organic solar cells (OSCs), quantum
dots solar cells, dye-sensitized solar cells (DSSCs), perovskite solar cells (PSCs)
as well as multi-junction solar cells such as tandem solar cells, with a record
efficiency of 17.4%[104], 16.6%[105], 12.3%[106], 25.2%[107] and
47.1%[108], respectively.

In recent years, PSCs have become a promising PV technology, most
notable for their high-power conversion efficiencies and potential for cheap,
solution-processable, roll-to-roll compatible module production.[109-112]
The increase in world-record performance of all solar cell technologies is
given in figure 2.9, as tracked by the National Renewable Energy Laboratory.
PSCs are the fastest-developing solar technology to date with an efficiency
that surpassed 25% the last year, which is already really close to the values

obtained for silicon.
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Figure 2.9. Record efficiencies reached by different solar cell technologies during the

last decades.[107]
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2.2.2 Perovskite Solar Cells
2.2.2.1 Perovskite Materials

In recent years, a crystalline material called perovskite has attracted a lot
of attention for use in solar cells. The term ‘perovskite’ refers to a crystal
structure originally found for CaTiOs.[113] The same crystal structure is
present in materials with the generic chemical formula ABX3, in which an A
cation is located at the eight corners of the cubic cell and a B cation, which is
smaller than A, resides at the body centre, surrounded by six X anions
(located at the face centres), forming a BCs octahedron, as illustrated in figure

2.10{114] Such materials are also called perovskites.

Figure 2.10. Perovskite crystal structure with the generic chemical formula ABXs.

Perovskite has been investigated in the past few decades for their
interesting and unique properties. Perovskite solar cells (PSCs) have become
the most promising alternative to replace silicon-based solar cells by more
cost-effective PV technologies with attractive properties such as
transparency, colour control, flexibility, low weight and so on.[115,116]
Hybrid inorganic-organic metal halide perovskites, in particular, have been
intensively studied as promising materials for next-generation efficient,
lightweight and low-cost thin-film solar cells.[117] In these hybrid perovskites
A = organic or inorganic cation (i.e., MA*: CH3sNH3*, FA*: CH3(NH,)2", Rb* and
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Cs*), B = metal cation (i.e., lead: Pb?*, tin: Sn?*) and X =halogen anion (i.e., CI"
, Brror I). The main advantage of this materials is their direct bandgap, low
exciton binding energy (~2 meV), large absorption coefficient (5.7x10%m™)
(enabling efficient light absorption in thin films, long diffusion length (~1 um
in thin films), high electron and hole mobility (10-2320 cm?/Vs), simple and
easy fabrication techniques.[118,119] 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 structures[120]. Thus, organic-metallic mixed halide perovskites

represent an ideal material for photovoltaics.

2.2.2.2 Perovskite Solar Cells Evolution

PSCs efficiencies have increased from 2.2%[121] in 2006 to above to
24.8%[122] in 2020 in single-junction architectures. Therefore, PSCs are
currently fastest-advancing solar technology. With the potential of achieving
even higher efficiencies and very low production costs. The hybrid perovskite
made its debut in PVs in 2006 when Kojima et.al employed CH3NH3PbBrs as a
sensitizer on nanoporous TiO; in a liquid electrolyte based on DSSC[123],
realizing efficiency of 2.2%.[121] In 2009, a power conversion efficiency (PCE)
of 3.8% was achieved by replacing Br with 1[124], the methylammonium lead
iodide perovskite with the chemical structure of CHsNH3Pbls (MAPbIs) was
incorporated into to act as the light absorber. In 2011, Im et al. achieved an
efficiency of 6.5% by employing perovskite nanoparticles on titanium dioxide
(TiOy) for improved absorption over conventional dyes.[125] In 2012, a
breakthrough came when two different papers were published almost at the

same time. The first one, by Kim et al. used spiro-OMeTAD as hole transport
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layer (HTL), which increased the PCE up to0 9.7%.[126] The second one, by Lee
et al., replaced the mesoporous TiO, with aluminium dioxide (Al,O3) as a
scaffold, leading to a PCE of 10.9%.[127] These reports revealed the
ambipolar nature of perovskites, the perovskite layer can not only absorb
light but also transport electrons out of the device.[128,129] In 2014,
Gratzel's group reported a mixed-cation perovskite (double cation
composition) based on mixed organic cations of MA*and FA*. It was found
that the band-gap of perovskite (MA)«(FA)1xPbls can be tuned by changing
the FA* content in the composition. The optimal absorption was obtained
from MAoeFA04Pbls, with the best efficiency of 14.9%.[130] The report by
Correa-Baena et al. demonstrated in 2015, that a PCE of 18% could be
achieved for planar architectures with SnO; as the ETL using a double cation
composition.[131] Saliba and co-workers further added a small amount of Cs*
(A position) into the binary mixed cations in 2016, forming a triple cation
configuration Csx(MAo.17FA0.83)(100x)Pb(lo.s3Bro.17)3. The triple cation cells
provided PCEs up to 21.1%.[132] In 2019, PCE was raised to 23.7%[133] by
improving the open-circuit voltage (Voc) and photocurrent. Currently, the
highest efficiency of single-junction PSC has exceeding 24.8%.[122]

In the last decade, several investigations have explored the effect of
solution concentration[134,135], precursor composition[136], solvent
composition[137], post-deposition annealing temperature[138], the
presence of additives[139] and deposition method[134,140] on the
morphology of perovskite thin films. So, the crystal size, morphology, and
orientation of perovskites in the active layers of PSCs have all been found to
affect overall PSC efficiency.[141-143] For example, nanoconfinement of

perovskite crystallization in mesoporous enclosures likely plays a role in
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guiding the crystallization process during PSC fabrication. Nanoconfined
crystals exhibit, for example, depressed melting points[144—-146] and
preferential orientations compared to bulk crystals.[147—-149] By controlling
the size and shape of semiconducting nanocrystals, have been achieved
advances nanoelectronics and photonics. Alumina thin-films can be used as
templates for the growth of perovskite nanocrystallites directly within device

relevant architectures.[150,151]

2.2.2.3 Photovoltaic Parameters

The primary performance parameters of solar cells are the open-circuit
voltage (Voc), the short circuit current density (Js¢), the fill factor (FF) and the
power conversion efficiency (PCE), which can be obtained from the typical JV
curve (figure 2.11) in the dark and under standard illumination (1SUN

intensity, 1000 W/m? illumination with AM1.5G spectrum) conditions.

——JV lluminated
—JVDark
— Power

Current density [mA/cmZ]

Applied bias [V]
Figure 2.11. Typical JV curve with the solar cell photovoltaic parameters in the dark

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 bias (V) is applied to the cell while measuring the
current (J) response. Voc is the maximum voltage of a solar cell. It is defined
as the V at which the measured current is 0 mA/cm?. Js is the maximum
current density of a solar cell. It is the J at which the applied potential isO V.

FF measures the amount of power available to be extracted from the
device. It is defined by equation 2.12 in which the maximum power point
(Pmax) is the point at which voltage (Vmax) and current density (Jmax) product

result in maximum power output from the device[112,115].

FF — Prax — JmaxVmax (2 12)
]choc ]SCVOC '

The PCE is the most important parameter since it describes the fraction
of maximum electric power output generated to the incident power. PCE
evaluates the device capacity to convert the incident photons in electrons
and can be defined by equation 2.13, in which Pj, is the incident light power
density (100 mW/cm?, 1 SUN AM1.5G.)

PCE — Pmax — FFVOC]SC

(2.13)

in Pin

The measurement of the JV curve can be done with two different scan
sweeps, forward, which means from Jsc to Voc conditions, and reverse, from
Voc to Jsc. Due to PCSs present the so-called JV hysteresis, is important to
perform the JV measurement in both ways, forward and reverse. The JV curve
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 phenomenon.[152—
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 understanding and

the avoidance of hysteresis.[155—-158]

2.2.2.4 Device Structure and Working Principle of Perovskite Solar Cells

The PSCs devices fabrication is very similar to organic solar cells, with the
main difference being that the organic electron accepting material is replaced
by an inorganic material. Typically, PSCs present a structure in which the
perovskite layer (light-absorbing photoactive layer containing the donor and
acceptor material) is sandwiched between two electrodes with different work
functions, an anode and a cathode. One of which is transparent (glass or PET)
to allow the incoming light to reach the photoactive/absorber layer and the
other one of which is a metal electrode to collect the free charge
carriers.[159,160] Commonly, materials used for transparent electrodes are
based on transparent conductive oxides (TCOs), such as fluorine-doped tin
oxide (FTO) or indium tin oxide (ITO). The metal electrode usually consists of
a thin metallic film like gold (Au) or silver (Ag).[161] Besides, the perovskite
surface is covered with selective charge transport layers. An n-type electron
transport layer (ETL), e.g. titanium dioxide (TiOz) and tin dioxide (SnO2) and a
p-type hole transport layer (HTL), normally 2,2',7,7'-Tetrakis[N,N-di(4-
methoxyphenyl)amino] - 9,9' spirobifluorene, spiro-OMeTAD). To transport
only one type of carrier (and block the other) to the respective electrode for
extraction. Depending on whether the perovskite is deposited on an n-type

(ETL) or p-type (HTL) semiconductor, the structure receives the name of n-i-
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p (normal) or p-i-n (inverted) PSC, respectively.[162,163] Both structures are

represented in figure 2.12.

a)
e

Figure 2.12. PSCs structure types a) n-i-p and b) p-i-n PSCs architectures. TCO:
transparent conductive oxide, ETL: electron transport layer and HTL: hole transport
layer. The dimensions of the layers do not correspond to their actual thicknesses.

The n-i-p typed PSC can be further categorized into mesoporous or planar
configurations based on the structure of ETL.[164] Both device configurations
in general consists of five different layers which are: (1) TCO, (2) planar or
mesoporous ETL, (3) light-absorbing layer based on perovskite materials
(400-600 nm), (4) HTL (100-300 nm) and (5) a metal electrode (50-150
nm).[117,165]

The mesoporous n-i-p configuration presents spaces within the ETL which
allow the infiltration of perovskite materials. The oxide compact layer (20-80
nm) works as the hole blocking layer and the mesoporous layer (100-300 nm)
forms the so-called meso-superstructure PSC, which is filled with the
perovskite material The oxide compact layer is essential in both planar and

mesoporous PSCs to ensure highly efficient electron extraction and

34



UNIVERSITAT ROVIRA I VIRGILI
TOWARD NANOSTRUCTURED PEROVSKITE SOLAR CELLS BASED ON NANOPOROUS ANODIC ALUMINA TECHNOLOGY
Maria Del Pilar Montero Rama

transporting from perovskite absorber to TCO.[164] The advantage of
employing this configuration is that it can provide a larger contact between
ETL and the perovskite absorber layer which latter enables faster charge
transfer kinetics.[166] The mesoporous ETL provides spaces for the
penetration of perovskite precursors and confines the perovskite crystallites
in the small volume of nanopores. This will enhance the absorption of the
incident photon and subsequently, boosts the photocurrent generation and
increase device efficiency.[167]

In the planar n-i-p configuration, the mesoporous scaffold layer is
removed and typically uses a compact ETL (20-80 nm). In this configuration,
the perovskite layer is sandwiched between the compact ETL and HTL.[127].
As already mentioned, PSCs are manufactured between two electrodes (a
transparent and a back-metal electrode). Most of them are prepared on a
glass/plastic substrate 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 such as high-
temperature control without the use of expensive ITO.[168] When opaque
metal electrodes (metal foils) are used as substrates, a semi-transparent
electrode is deposited as the last layer of the solar cell.[169,170] This semi-
transparent electrode should have high transmission to let light to be
absorbed by the solar cells, especially they should be transparent in a broad
wavelength range of 380-700 nm, high electrical conductivity to efficiently
collect carriers and soft preparation method in to not damage the below
perovskite and charge transport layers.[171] The most common semi-
transparent electrodes are transparent conductive oxides prepared by

sputtering. However, in the case of PSCs, the sputtering process affects the
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properties of the underneath layers.[172,173] A dielectric-metal-dielectric
(DMD) multilayer has been developed as the top electrode for PSCs. The DMD
consist of a combination of transition metal oxides (WQOs3, MoQs, V,0s, etc)
and a metal (Au, Ag). Metal oxides and metals are thermally evaporated on
the top of the substrate.[174—178] Currently, PCSs on opaque metal
substrates have reached a PCE of 15%, by Heo et al., who used an anodized
Ti  foil as the bottom electrode and laminated graphene—
polydimethylsiloxane transparent top electrode.[179]

As figure 2.13 shows, light (photon) is absorbed by perovskite and it
promotes the generation of an electron-hole pair, then carriers are separated
by the internal electric field and diffuse to proper direction due to charge
selective materials: ETL or HTL. Finally, the extraction of those carriers to an

external circuit is obtained by the metal contact electrodes.

(3)(:’ el o HTL
1‘ Absorber
ETL

Metal
contact

TCO

*-- -

h —Tz—)—>h+ (3)

Figure 2.13. Band diagram and main processes and PSC: (1) Absorption of photon

and free charges generation, (2) Charge transport and (3) Charge extraction.[180]
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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 halide (PbX3)
where X=1, Cl, Br. The most common deposition technique is the spin-coating

via one or two-step method or anti-solvent method.[120]

PbX, + MAX » MAPbX, (2.12)

The one-step method is based on the co-deposition of both, organic and
inorganic, precursors through a solution. The perovskite films are deposited
by spin-coating a mixed solution of PbX, and MAX in anhydrous organic
solvents, e.g. N,N- dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO), followed by thermal annealing.[181]

The two-step method is based on the formation of PbX; films, normally
by spin-coating and their subsequent transformation into perovskite films.
The transformation process can be done in different ways: dipping the PbX;
films into MAX solution[182,183] and spin-coating MAX solution on top of the
PbX; films.[184,185]

The anti-solvent method is based on dripping a solvent (in which the
perovskite is poorly soluble) while the substrate is still spinning. A poor
solvent is poured onto the precursor perovskite film during spin coating,
causing the salts to precipitate out of solution into a smooth and compact
film. The use of anti-solvents enhances crystallinity and allows us to have
better control of the perovskite morphology.[137,186]

It is crucial to take 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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absorber and the posterior layers’ depositions and annealing steps should be
carried out under specific conditions in a glove-box or a dry-box.

The glove-box consists of a large box in which the air was removed and
replaced with an inert gas as pure nitrogen (N2) or argon (Ar).[187]

The dry-box is a large box in which the humidity is kept less than 20 %

under a constant dry-airflow.

2.2.2.6 Pre- and Post-Deposition Treatments

The wettability of solutions and adhesion of evaporation can be improved
by the cleaning of surfaces and surface energy modification caused by an
Ultraviolet-ozone (UVO) treatment. Here, a substrate is illuminated with UV
in air, leading to the formation of individual oxygen radicals that go on to form
O3 when combined with other O, molecules. Contaminants on the irradiated
substrates can undergo photoexcitation followed by a reaction with ozone,
liberating any organic material from the surface of the substrate.[188]

At the most basic level, most PSCs are based upon a commercial thin-film
transparent conductive oxide (TCO) coated glass substrates, like fluorine-
doped tin oxide (FTO) and indium tin oxide (ITO). ITO thin-film of the
commercial ITO glass substrates is covering the full glass surface. These thin
films can be selectively patterned with a fibre laser.[189] The laser technology
is a process that uses a high-intensity laser beam to vaporize the thin layer of
a film directly from the surface substrate. Removing a thin film from a
substrate creates a circuit that can be used in solar cells, liquid crystal
displays, plasma displays, and touch-sensitive panels.

Most solvents will not be completely liberated from a thin-film 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 an oven or on 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 perovskite solutions will often immediately convert to

black film.[190]
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Chapter 3

Manufacture of Nanoporous Anodic
Alumina and High-Efficiency
Perovskite Solar Cells
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In the following chapter, the experimental methods employed for
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 thesis,
are described. Furthermore, a special 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 described. The
experimental methods are based on a two-step anodization process to obtain
alumina layers of self-organized 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 Anodization Set-Up
3.1.1.1 Electrochemical Cell

NAA structures were prepared by the electrochemical aluminium
anodization process described in section 2.1.3 of the previous chapter. This
process is based on electrochemical cell working. As figure 3.1 shows a basic
electrochemical cell can be divided into the following parts: two electrodes,
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
\
[ ] [
Y /

\-

Anode (Al)

-

Figure 3.1. Basic schematic diagram of the electrochemical cell 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, sulphuric, phosphoric acid) which is the transport medium of
the ionic species between both electrodes: H*, AI** and O%. The power supply
provides the electrical potential (U) to ionize aluminium at the aluminium-
oxide interface (anode) and generates electrons (e’). Once the anodization
potential is reached the pores nucleate and grow on the aluminium

surface.[71,191]

3.1.1.2 Custom-Made Electrochemical Cell

To fabricate NAA structures and for their posterior structural modification
(expounded in chapter 4), different voltages (U) and currents (i) profiles
needed to be applied. To do so, several custom-made LabVIEW programs
were developed. These programs control and monitor the anodization
process, using several parameters such as anodization time (t) and total
current charge (Q). The communication between the software, the computer
and the anodizing hardware (i.e., power supplies and mustimeters) was
established employing a high-speed GPIB-USB interface.

Figure 3.2 displays the custom-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 cell. Indeed, PVC possesses very good
electrical insulation properties as well as good chemical resistance to weak
acids. To avoid energizing the chassis of the cooling apparatus (1), the
temperature and cooling control of the electrolyte was carried out through a
glass serpentine (2), in this way maximum cooling efficiency and complete
isolation between the deadly potentials of the electrochemical cell and the

cooling apparatus chassis are achieved. The anode was made from a
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stainless-steel plate electrically insulated by the bottom part of the cell’s body
(3). The aluminium substrates (4) were simultaneously placed in contact with
the anode and the electrolyte via the container (5). A platinum wire (6)
immersed in the electrolyte (5) works as the cathode. As the temperature and
stirring in the anodization steps are very important,[192,193] a custom-made
stirrer controller (7) and a thermometer sensor (8) were assembled with the
help of a programmable microcontroller board (Arduino Uno) (9) and a

computer (10). A high voltage capability (up to 200V) power supply (11) was

used for the anodization, keithley2400 (k2400).

Figure 3.2. Experimental equipment used to fabricate NAA templates. a) (3) Stainless
steel plate cover by Teflon and (4) aluminium substrates placed in a Teflon container.
b) (5) Teflon container with the electrolyte. c) (2) cooling glass serpentine, (6)
platinum wire, (7) home-made stirrer controller and (8) home-made thermometer
sensor. d) (10) Computer and (11) k2400. e) (1) Cooling apparatus.
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3.1.2 Fabrication Process

To obtain hexagonally ordered nanoporous alumina membranes, NAA
substrates were prepared following the well-established two-step
anodization process described by Masuda et al.[32] After each step, a SEM

study of NAA substrates was carried out.

3.1.2.1 Electrochemical Polishing

To achieve a homogenous NAA layer the commercial aluminium
substrates underwent a pre-treatment before anodization. Several processes
of aluminium pre-treatment exist, however, one the most known is the
electrochemical polishing (electropolishing).[194,195] Pure aluminium discs,
which were used as substrates, were cleaned with acetone, deionised water
and ethanol (C;HsOH) to remove all the impurities and traces of residual
grease. In the electropolishing process, the aluminium 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 electrolyte solution used to electropolish the
aluminium substrates was an acid solution 4:1 v/v of C;HsOH and per-chloric
acid (HClO4) at 20 V. The aluminium substrates and a platinum wire were
submerged in the electrolyte for 6 min under a constant stirring rate of 450
rom and at a temperature between 5 and 10 °C.[196] It is very important to
note that temperature control is crucial in this process since the oxidation
reaction is extremely exothermic and can be explosive. Besides, if the

temperature reaches 20 °C can appearance defects on the aluminium surface
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[figure 3.3 d)]. Finally, the electropolished aluminium substrates were rinsed
with deionised water and C;HsOH to remove the acid solution. The result is a
mirror-like aluminium surface as can be seen in figure 3.3. Figure 3.3 a) and
b) show a commercial aluminium substrate photo before and after the

electropolishing process, respectively.

Figure 3.3. Commercial aluminium substrate photos a) before and b) after the
electro-polishing step. c) Electro-polished aluminium photo in which can see the
reflex of the mobile phone with which the photo was taken. (mirror-like surface) d)
Aluminium substrate photo after the electropolishing at a temperature around 20°C.

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 characteristics depend on the
choice of this electrolyte.[66,197]

The first anodization step was carried out using a phosphoric acid (H3POa)
(1% wt.) solution as the electrolyte. The first step was started at an
anodization potential of 175V and an electrolyte temperature of -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 anodization conditions are very important since is a long
process in which the substrate is subjecting a high potential. If the
anodization potential is 195 V from the very start of the process, current
builds up too fast and electric breakdown (Up) occurs, burning the substrates.
For this reason, anodization was started at 175 V, since first 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 at a temperature of less than -5 °C the substrates will be burned by
heat generated at the pore bottom tips.[192,193] In figures 3.4 a) and b)

measured applied voltage vs time and measured current vs time are plotted.
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Figure 3.4. a) Measured applied voltage vs time and b) Measured current vs time
corresponding to the first anodization step.
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In the initial step, as can be seen in figure 3.5, the nanopores grow in an
unordered way. Figures 3.5 a) and b) exhibit the top and cross-section SEM
views of the formation of unordered nanopores, respectively. Figure 3.6 a)
displays the electropolished aluminium surface and b) the anodized alumina

surface after the first step.

Figure 3.6. a) Substrate photos before and b) after the first anodization step. The

scale bar is indicated in the picture.

3.1.2.3 Removal of Unordered Nanopores

To achieve an ordered pattern of the nanopores, when the first
anodization step finished, the aluminium oxide (Al;Os) 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 acid (H,CrO7, 1.8% wt.) and H3POa4
for 1 h at 70 °C. Figure 3.7 shows NAA substrate a) before and b) after the

removal of the unordered nanopores.

Figure 3.7. Substrate photos a) before and b) after the chemical etching. The scale
bar is indicated in the picture.

3.1.2.4 Second Anodization 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 um and 650 nm. The final nanoporous film
thickness depends on the 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
thickness.[81]

The second anodization step was conducted in a solution of H3PO4 (1%
wt.) at an anodization potential of 195 V and -6.5 °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 substrate exposed to the electrolyte was 1.76 cm?. 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. In figure 3.8 a) measured applied voltage vs time and b)
measured current vs time are plotted. Figures 3.9 a) and b) exhibit the top

SEM views of NAA after the second step.
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Figure 3.8. a) Measured applied voltage vs time and b) measured current vs time
corresponding to the second anodization step.

Figure 3.9. a) and b) top SEM pictures of NAA after the second step. The scale bars
are indicated in each picture.
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Figure 3.10 displays the cross-section SEM views of NAA after the second
step using a total charge of @) 2.63 C and b) 1.70 C. From them, a nanopores

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

Figure 3.10. Cross-section SEM pictures of NAA after the second step using a total
charge of a) 2.63 C and b) 1.70 C. The scale bars are indicated in each picture.
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3.2 Perovskite Solar Cell Manufacture

In this section, the materials used for fabricating high-efficiency
perovskite solar cells (PSCs) and NAA-based perovskite solar cell devices
(nanostructured perovskite solar cells, nPSCs) are described. Also, the device
fabrication process of two different PSCs and their basic electrical
characterization is reported. These PSCs will be the reference devices of this
thesis. The most common n-i-p architecture for fabricating PSCs is
related.[198] The different layers that form the n-i-p PSCs are a transparent
conductive oxide (TCO), an electron transport layer (ETL), an absorber layer
(AL), a hole transport layer (HTL) and a metal contact.[199] Figure 3.11
displays a schematic diagram of the previously listed layers for manufacturing

the n-i-p PSCs.

Figure 3.11. 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 not correspond to their actual thicknesses.
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3.2.1 Materials
3.2.1.1 Electron Transport Layer Materials

PSCs fabricated in this thesis were based on two different electron
transport layer (ETL) materials, titanium dioxide (TiO2) and tin dioxide (SnO3).
For the conventional flat PSCs devices (reference devices) fabrication, TiO»
was employed for mesoporous devices structure while SnO, was chosen for
planar devices structure. For nPSCs devices manufacture, only TiO2 was used.

TiO; is the most frequently ETL material used in the most common
reported PSCs, due to its suitable energy level, good optical transparency,
relatively high electron mobility and environmental stability.[164,200,201] It
is also a very good hole blocking layer due to its low lying valence band
edge.[202] TiO, has several phases where the anatase phase has more
research significance for PSCs fabrication.[203]

Recently, SnO; has been evaluated as another promising ETL due to its
wide bandgap, high transparency and high electron mobility [204-206] Also,
SnO; nanoparticles have the advantages of possessing good anti-reflective
properties and thermal stability.[207] The phase of SnO; currently applied in
PSCs is the tetragonal rutile structure, which is the most important form of

naturally occurring Sn0;.[204]

3.2.1.2 Absorber Materials

PSCs devices prepared in this thesis were based on two different absorber
materials, methylammonium lead iodide perovskite (CH3NHsPbls, MAPbI3)
and caesium formamidinium methylammonium lead iodide bromide

perovskite (triple cation perovskite, CSFAMAPDbIBr).
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MAPbDIs is the simplest and most widely used perovskite absorber.[208] It
has a high optical absorption coefficient, good electrical transport properties,
favourable bandgap which is close to the optimum value for a single-junction
solar cell.[201] It has become one of the leading compounds for the
preparation of organic-inorganic hybrid perovskite solar cells.

Triple cation perovskite films are thermally more stable and less affected
by fluctuating surrounding variables such as temperature, solvent vapours or
heating protocol[209,210] In this thesis, the triple cation perovskite
stoichiometry used is (FAPbl3)o.78(MAPbBr3)o.14(CsPbls)o.0s.

In this thesis, for the conventional flat PSCs devices manufacture, MAPbI3
perovskite was employed for mesoporous devices structure while
CsFAMAPDIBr perovskite was chosen for planar devices structure. For nPSCs

devices fabrication, both perovskites were used.

3.2.1.3 Hole Transport Layer Material

Normally, most highly efficient PSCs employ the small organic molecule
2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]- 9,9'spirobifluorene
(spiro-OMeTAD) as hole transport layer (HTL) material, which has a high hole
conductivity, mobility and a suitable HOMO energy level.[211] In this thesis,
the PSCs and nPSCs devices were prepared using spiro-OMeTAD as HTL.

The spiro-OMeTAD has been optimized by incorporating some additives,
such as bis(trifluoromethylsulfonyl)amine lithium salt solution (LiTFSI) and
tert-butylpiridine (TBP).[212—-214] In addition to completing the function of
HTL, the spiro-OMETAD serves the purpose (in the case of nPSCs devices) of

covering and levelling the rough NAA surface.
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Figure 3.12 displays an energy-level diagram of the distinct materials

mentioned previously.
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Figure 3.12. Energy-level diagram showing the valence band (VB) and conduction
band (CB) levels of the different materials employed in this thesis for fabricating PSC
and nPSC. TC: triple cation perovskite, (FAPbIs)o7s(MAPbBr3)014(CsPbls)oos.
[175,201,204,215-220]

3.2.2 Fabrication Process Using MAPbIz as Absorber Layer

MAPbIs perovskite solar cells were fabricated using modifications of
standard recipes.[127,221] Several mesoporous PSCs devices were prepared
using fluorine-doped tin oxide (FTO) as the TCO, TiO, as ETL, MAPDIs
perovskite as absorber layer, spiro-OMeTAD as HTL and Ag as back electrode
contact.[222] Figure 3.13 displays a schematic diagram of the mesoporous

device structure.
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®

Figure 3.13. Schematic diagram of the mesoporous device using MAPbIs;. The
dimensions of the layers do not correspond to their actual thicknesses.

3.2.2.1 Bottom Contact Cleaning

In a cleanroom, pre-patterned 1.5 x 1.5 cm FTOs were employed as
substrates. All the substrates were carefully cleaned. First, they were brushed
with a solution of Hellmanex soap 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 treated with a UVO cleaning system 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.

3.2.2.2 Titanium Dioxide as Electron Transport Layer
Over the previously cleaned FTOs substrates, three different TiO, layers

were deposited.[223]
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Compact Titanium Dioxide

First, a compact TiO; (c-TiO3) layer was formed. A titanium diisopropoxide
bis-(acetylacetonate) (0.3 M, Ti(i-PrO)z(acac),) solution was prepared diluting
0.3 mL of Ti(i-PrO)2(acac); in 1.7 mL of anhydrous isopropanol and filtered
(PTFE, 0.2 um) just before its use. 40 puL of the filtered Ti(iPrO)(acac), solution
were deposited by spin-coating on the top of the previously cleaned FTO
substrates at 4000 rpm (1000 rpm/s) for 25 s to obtain a c-TiO; film thickness
between 20 nm and 30 nm. Then, the substrates were dried at 125 °C for 5

min and subsequently calcined at 450 °C for 30 min in a titanium hotplate.

Titanium Tetrachloride Solution

When the substrates had cooled down, after the previous calcination,
they were immersed in the filtered (0.22 um, PES) 40 mM titanium
tetrachloride (TiCls) solution in 9% hydrochloric acid (HCI) at 70 °C for 30 min
into a muffle oven. Then, the substrates were rinsed with water and CaHsOH

and dried with a strong airflow.

Mesoporous Titanium Dioxide

Finally, to deposit the mesoporous TiO, (m-TiO3) layer, a solution was
prepared by diluting a commercial paste (30 nm particle size) in C;HsOH, with
1:7 weight ratio. It was left under stirred overnight to obtain a good solution.
40 pL of the m-TiO; solution were spin-coated at 6000 rpm (1000 rpm/s) for
30 s to obtain a m-TiO; film thickness between 100 nm and 150 nm. Then,
the substrates were dried at 125 °C for 5 min and subsequently were calcined

at 450 °C for 30 min in a titanium hotplate.
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3.2.2.3 MAPbI; Perovskite as Absorber Layer

A 1.25 M MAPbI; precursor solution was prepared, in a Nx-filled glovebox,
from its two precursors: lead iodide (Pblz) and methylammonium iodide
(MeNHsl, MAI) using anhydrous dimethyl sulfoxide (DMSO) as the
solvent.[224] To help the lead salt dissolution, 288.1 mg of Pbl, were
dissolved in 500 pl of DMSO heating it at 150 °C for 10 min in a hotplate, when
the solution was a room temperature 99.35 mg of MAIl were added.

MAPbI; precursor solution was filtered (0.2 um, PTFE) just before its use.
It was deposited, in a Np-filled glovebox, by the anti-solvent method.[137] 40
ul of the MAPbIs precursor solution were dropped on the top of the
previously deposited layer and the substrates were spin-coated with a two-
step program. First, at 1000 rpm (500 rpm/s) for 10 s and then at 4000 (500
rom/s) rom for 30 s. 10 s before the spinning process ends 100 pl of
anhydrous chlorobenzene were spin-coated right on the centre of the
substrate. The substrates were moved directly from the spin coater to a
hotplate at 100 °C and 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 MAPDIs film thickness obtained was between 400 nm and
450 nm. The perovskite layer formation is the most critical step in PSCs
fabrication. The deposition method requires practice since the anti-solvent
step is crucial. The solvent deposition should be not done too fast or too slow

since it could lead that some rings appear in the substrate.
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Figure 3.14. MAPbI; perovskite film photo.

3.2.2.4 Hole Transport Layer and Top Electrode

First, an additive solution was prepared. The additives used were the tert-
butylpiridine and a bis(trifluoromethylsulfonyl)amine lithium salt (LiTFSI)
solution, which was prepared by mixing 520 mg of LiTFSIin 1 mL of anhydrous
acetonitrile. The additive solution was made by adding 38.7 pL of tert-
butylpiridine to 1 mL of anhydrous chlorobenzene, then 23.7 ulL LiTFSI
solution were added. Secondly, a 60 mM spiro-OMeTAD solution was
prepared by dissolving 73 mg of spiro-OMeTAD in 1 mL of the additive
solution.[225] Subsequently, the solution was vigorously stirred and filtered
(0.2 um PTFE filter) before its deposition. Finally, the solution was deposited
dynamically by spin-coating.[226] 30 pL of 60 mM spiro-OMeTAD solution
were dropped, in a Ny-filled glovebox, on the top of the previous layer
deposited and the substrates were spin-coated at 4000 rom for 30 s, to obtain
a thickness between 150 nm and 200 nm.[225] Subsequently, FTO contact
was cleaned on two edges scratching away spiro-OMeTAD and MAPbIs, then
the edges were further cleaned with swabs lightly wet with anhydrous DMSO
and immediately with anhydrous acetonitrile to remove DMSO vapours since
they can damage the perovskite layer. To increase the oxidative doping of the

HTL, substrates were kept in dark in a dry air chamber overnight before the
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thermal evaporation of the top electrode.[227]The next day the substrates
were placed into the thermal evaporation chamber (vacuum pressure < 5x10°
® torr, in an Na-filled glovebox) and 120 nm of silver (Ag) were thermally
evaporated using a shadow mask leading to 4 diodes for substrate each with

an active area of 9 mm?.

3.2.3 Fabrication Process Using CsSFAMAPDIBr as Absorber Layer
CsFAMAPDIBr perovskite solar cells were manufactured employed
variations of standard recipes.[228,229] Several mesoporous PSCs devices
were produced using ITO as TCO, Sn0O; as ETL, CsSFAMAPbIBr perovskite as
absorber layer, spiro-OMeTAD as HTL and Au as back contact. Figure 3.15

displays a schematic diagram of the planar device.

®

O

Figure 3.15. Schematic diagram of the planar device. The dimensions of the layers
do not correspond to their 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 undergone pre-

treatment before the cleaning. The ITO thin film was patterned by laser
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scribing lines. The pattern was performed with these conditions: 50 % power,
1000 mm/s, 55 kHz, to remove an ITO portion of each cell. Afterwards, the
substrates should be blown with airflow to remove the generated dust in this
process. Figures 3.16 a) and b) exhibit a commercial ITO coated glass pictures
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 as is explained in section 3.2.2.1.

a) b)

Figure 3.16. Commercial ITO coated glass a) before and b) after annealing pattern.
The ITO film is represented by green.

3.2.3.2 Tin dioxide as Electron Transport Layer
Over the previously cleaned ITOs substrates, a tin dioxide (SnO3) thin layer

was deposited by a two-step method described by Anaraki et al.[230]

Tin Dioxide Chemical Bath Deposition

First, Tin (II) chloride dehydrate (0.048 M, SnCl,-2H,0) solution was
prepared by diluting 28 mg of SnCl,-2H,0 in 2.54 mL of isopropanol previously
filtered. 80 ul of the filtered SnCl,-2H,0 solution were spin-coated on the top
of previously cleaned ITO substrates at 3000 rpm (1000 rpm/s) for 30 s to
obtain a SnO; film thickness about 30 nm. Afterwards, they were annealed at
180 °C for 1 h in a hotplate. Subsequently, the substrates were submerged
for 3 h in a chemical bath at 70 °C (muffle oven) composed of 2.5 g of urea,

50 pL of 3-mercaptopropionic acid, 2.5 mL of HCl and 540 mg of SnCl;-2H;0
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in 200 mL of deionized water. Then, substrates were washed with deionized
water and dried with an airflow. It 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 were annealed at 180 °C for 1 hin

a hotplate.

3.2.3.3 CsFAMAPbDIBr Perovskite as Absorber Layer

The triple-cation caesium formamidinium methylammonium lead iodide
bromide (CsFAMAPDIBr) perovskite was prepared in a N»-filled glovebox,
following the method described J.Tirado et al.[229], from its precursors: lead
iodide (Pbly), lead bromide (PbBrz), formamidinium iodide (FAl),
methylammonium bromide (MABr) and caesium iodide (Csl). The solvents
used were anhydrous DMF and anhydrous DMSO.

A 1.3 M CsFAMAPDbIBr perovskite precursor solution was prepared as it is
summarized in figure 3.17. In a vial (V1) 636 mg of Pbl, and 85 mg of PbBr;
were mixed in 1 mL of a mixture of DMF and DMSO with a volume ratio of
4:1. Inavial (V2) 226 mg of FAl and 26 mg of MABr were added. Then, V1 was
dropped in V2 (solution a, Sa). In a vial (V3) 265 mg of Pbl, were stirred in 500
uL of DMSO and in a vial (Va) 149 mg of Csl were weighed. After, V3 was
dropped in V4 (solution b, Sp). Finally, ina vial (Vs) 1.2 mL of S; and 0.12 mL of
Sp were mixed to have the triple-cation perovskite precursor solution. The

resulting stoichiometry is (FAPbI3)o.7s(MAPbBr3)0.14(CsPbls)o.0s.
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1.3 M CsFAMAPDIBr perovskite precursor solution
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Figure 3.17. Steps diagram to prepare a 1.3 M CsFAMAPDIBr perovskite precursor
solution.

Before the CsFAMAPDIBr perovskite precursor deposition, the substrates
were treated with a UVO system at 50 °C for 15 min. The CsFAMAPbIBr
perovskite precursor solution was deposited, in a dry-box, by the anti-solvent
method[137] and it was filtered (PTFE, 0.2 um) just before its use. 45 plL of
the solution were dropped on the top of the previously deposited layer and
the substrates were spin-coated with a two-step program, first at 2000 rpm
(200 rpm/s) for 12 s and then 5000 rpm (2000 rpm/s) for 25 s. In this step,
120 pL of anhydrous chlorobenzene were dropped 9 s before the end of the
process. Then, the substrates were moved directly from the spin coater to a
hotplate and they were annealed at 100 °C for 1 h. The substrates turned
dark brown during the first minute of the annealing process as can be
observed in figure 3.18. The CsFAMAPDIBr 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 anti-solvent
step is crucial. The solvent deposition should be not done too fast or too slow

since it could lead that some rings appear in the substrate.

P
Figure 3.18. CsSFAMAPbIBr perovskite film photo.

3.2.3.4 Hole Transport Layer and Top Electrode

First, an additive solution was prepared by adding 28 puL of tert-
butylpiridine to 1 mL of anhydrous chlorobenzene, then 16 pL LiTFSI solution
were added. Secondly, a 70 mM spiro-OMeTAD solution was prepared by
dissolving 70 mg of spiro-OMeTAD in 1 mL of the additive solution.[229]
Subsequently, the solution was vigorously stirred and filtered (0.2 um PTFE
filter) before its deposition. Finally, the solution was deposited dynamically
by spin-coating. 50 pL of 70 mM spiro-OMeTAD solution were deposited, in a
N,-filled glovebox, on the top of the previous layer deposited and the
substrates were spin-coated at 4000 rpm for 20 s to obtain thickness between
100 nm and 300 nm.[229] Subsequently, the substrates were patterned by
laser scribing to remove all the layers of the device except the ITO in a specific
area of the substrate, to facilitate the contact with the metal electrode. The
conditions of the laser scribing were 5% power, 3000 mm/s, 55 kHz. To

increase the oxidative doping of the HTL, substrates were kept in darkin a dry

64



UNIVERSITAT ROVIRA I VIRGILI
TOWARD NANOSTRUCTURED PEROVSKITE SOLAR CELLS BASED ON NANOPOROUS ANODIC ALUMINA TECHNOLOGY
Maria Del Pilar Montero Rama

air chamber overnight before the thermal evaporation of the top
electrode.[227] The next day the substrates were placed into an ultra-high
vacuum chamber and 70 nm of gold were deposited by thermal evaporation
using a shadow mask leading to 5 diodes for substrate each with an active

area of 0.19 cm?.

3.2.4 Basic Electrical Characterization

The current density-voltage (JV) characteristics of PSCs were measured in
dark and under simulated AM1.5G illumination (100 mW/cm?). The MAPbl;
and CsFAMAPbIBr best-performing devices J-V characteristics are shown in
the figures 3.19 and 3.20, respectively. All the J-V measurements were carried
out under light and nitrogen conditions (02 < 0.1 ppm and H20 < 0.1 ppm).

As expected, some hysteresis (difference between forward and reverse
scan) is observed for all evaluated systems. This phenomenon has been
reported elsewhere for n-i-p PSC and is attributed to ion migration inside
perovskite material and especially to the formation and the release of
interfacial charges in both electron and hole transporting layer
contacts.[231,232] Also, as expected the performance values measured with
devices prepared under identical conditions present a small difference. This
phenomenon has been informed elsewhere for n-i-p PSC and is attributed to
the sensibility of the drying and crystallization steps of the perovskite
absorber synthesis.[233—235] The performance parameters values of the
MAPDbl; and CsFAMAPDIBr devices are summarized in tables 3.1 and 3.2,

respectively.
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Figure 3.19. Current density vs voltage (JV) characteristics of the best performing
MAPDbIs devices in dark (hollow markers) and under simulated A.M. 1.5G illumination
(100 mW/cm?). The solid and dashed lines correspond to the reverse and forward
scans, respectively.
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Device Sweep Voc [V] Jse [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 3.1. Primary performance parameters values of the best-performing MAPblI;
devices measured at 1 SUN A.M. 1.5 illumination (100 mWcm™). V,.: open-circuit
voltage, Js: short circuit current density, FF: fill factor and PCE: power conversion
efficiency.
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Figure 3.20. Current density vs voltage (JV) characteristics of the best performing
CsFAMAPDIBr devices in dark (hollow markers) and under simulated A.M. 1.5G
illumination (100 mW/cm?). The solid and dashed lines correspond to the reverse
and forward scans, respectively.
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Device Sweep Voc [V] Jse [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 3.2. Primary performance parameters values of the best-performing
CsFAMAPDIBr devices measured at 1 SUN A.M. 1.5 illumination (100 mW/cm?). Voc:
open-circuit voltage, Js.: short circuit current density, FF: fill factor and PCE: power
conversion efficiency.
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Chapter 4

Thick Barrier Layer Removal in
Nanoporous Anodic Alumina
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In the following chapter, a new method for the removal of the thick
barrier layer in nanoporous anodic alumina without removing the aluminium
substrate is bestowed. It is based on a re-anodization step at a constant
current density combined with chemical etchings. This chapter is based on
published work: M.P. Montero-Rama, et al. 2019, In-situ 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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4.1 Introduction

Nanoporous anodic alumina (NAA) has attracted a great deal of interest
in the last decades, due to its stability, cost-effective scalable production and
the ability to fabricate nanopores with a wide range of thicknesses, diameters
and interpore distances, allows to easily adapt them to new
applications.[236,237] One remarkable NAA application is its use as a
template for nanostructuring materials by infiltration of a specific
material[238—-240] (organic, inorganic, metallic, etc.) into NAA and following
of removing NAA, can be obtained an inverse replica of NAA.[241,242] 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 polymer.[243,244]

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 nanopores and
the aluminium substrate, limits its applications for energy storage devices
(batteries, supercapacitors), energy generation devices (photovoltaic solar
cells), optoelectronic devices (LEDs, photodetectors), electrodeposition of
metals where the materials infiltrated in NAA layer need to be electrically
connected to the electrode.

In previous works, researchers have described procedures based on
successive re-anodization (constant current density or stepwise voltage
decrease) and chemical etching steps, 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 to date. These
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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 voltages) lead to barrier layer thicknesses of more
than 200 nm.

Therefore, our attention was turned to a constant current re-anodization
process originally described by Gosele and co-workers.[247] In their work,
they achieved thinning the barrier layer of oxalic acid-made NAA by applying
a chemical etching procedure after the second anodization step to decrease
the thickness of the barrier layer and subsequently, applying two consecutive
constant current anodization steps. Fixing the anodization current induces
pore growth under out-of-equilibrium conditions, resulting in branchings at
the bottom of the pores without reaching steady pore growth. This produced
a sufficiently branched barrier layer allowing 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 obtain mechanically stable NAA on
aluminium substrates without a barrier layer and electrical contact between
aluminium and the interior of the nanopores is presented. The procedure is
based on a constant current re-anodization that results in the formation of
branchings into the barrier layer that permits its selective removal 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 barrier layer. NAA substrates were immersed in
an etching solution (H3POa4, 4% wt.) for 1 h and at a temperature of 35 °C.
With this chemical etching, the thickness of the barrier layer was reduced
from 200 nm in the as-produced samples to a final thickness of approximately
80 nm. This step is crucial for the subsequent re-anodization step to ensure
the establishment of the current through the barrier layer at an anodization
potential smaller than the first and second step. Notice that this process also
results in a reduction of the pore wall thickness, but only partially to maintain

the structural stability of the porous structure.

4.2.2 Re-Anodization Step

The re-anodization step consists in a third anodization step in the same
electrolyte as the first and second anodization steps (H3POa4, 1% wt.) at -3,5
°C, but at a constant anodization current density (re-anodization current
density, Irmdz) instead of a constant anodization voltage.

The area of a sample exposed to the electrolyte was 1.76 cm?. The effect
of this re-anodization step on the morphology of the barrier 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 reason, five different re-anodization current densities
were tested: Irng; = 568.2 uA/cm?, lnaz = 170.5 uA/cm?, lnaz = 113.6 uA/cm?,

lmdz = 56.8 HA/cm?, lmdz = 5.7 uA/cm?. After these tests, the procedure was
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further optimized by testing two more re-anodization current densities

values: ling; = 28.4 uA/cm? and g, = 17.0 uA/cm?.

4.2.3 Final Barrier Layer etching

As it will be demonstrated in the results and discussion section, at certain
re-anodization current densities branchings were created through the barrier
layer. Such branchings permit a fast dissolution of the remaining barrier layer
after a final etching step, consisting in immersing the sample in H3PO4 (4%
wt.) solution at 35 °C for a controlled time of 38 min to remove completely
the barrier layer. The time length of this step is important to keep the porous
structure and its contact with the aluminium substrate. For etching times
bigger than this value, pore walls are dissolved by the etching procedure.

To demonstrate that the barrier layer was removed and there is an
electric contact between the aluminium and the pore bottom the current-
voltage characteristics 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 Layer Etching

The barrier layer thickness of the nanopores obtained with the H3PO4
electrolyte after the second anodization step was found to be too thick to be
removed directly after pore growth using any reported procedure. To reduce
the barrier layer, the samples were etched in a solution of H3PO4 at 4% wt. at

a temperature of 35 °C and for 1 h. The etching conditions were established
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after several tests and found to give optimum results when the barrier layer
was reduced to 80 nm.

Figure 4.1 a) and b) show the cross-section SEM views of NAA obtained
after the second anodization step. From figure 4.1 b) the thickness of the
barrier layer was estimated to be about 200 nm while the pore diameter was
estimated to be about 150 nm. Figure 4.1 c) and d) show the cross-section
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 4.1. a) Cross-section SEM view of a phosphoric NAA after the second
anodization step. c) Cross-section SEM view of a phosphoric NAA after the partial
chemical etching. b) and d) are the magnification views of a) and b) respectively. The
scale bars are indicated in each picture.
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For etching times bigger than 38 min, nanopore walls are dissolved by the

etching procedure as figure 4.2 exhibits.

Figure 4.2. a) Cross-section SEM view of the nanopores dissolves after the final
barrier layer etching with a time over than 38 min. b) Magnification view of a) The
scale bars are indicated in each picture.

4.3.2 Re-Anodization Step

To determine the optimal conditions for the re-anodization step, several
experiments were conducted for different values of current density. The first
experiment was conducted at a constant current density about one order of
magnitude lower than the current density reached at the end of the second
anodization step (constant anodization voltage of 195 V). Thus, since the
current density at the end of the second anodization step is 5682.1 uA/cm?

the first re-anodization experiment was conducted at Irng; = 568.2 uA/cm?.
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Figure 4.3 shows the measured voltage for lmng, = 568.2 uA/cm?. The
voltage undergoes a small transient decrease for 1 s, followed by an increase
with an almost constant rate of 162 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 4.3. Measured voltage vs time for Iing, = 568.2 pA/cm?.

The behaviour of the measured voltage for Imng; = 170.5 uA/cm? (figure
4.4) and 113.6 uA/cm? (figure 4.5) is similar to the previous result with the
only difference that the rates of voltage increase are 47 mV/s and 9 mV/s,

respectively.
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Figure 4.4. Measured voltage vs time for ling, = 170.5 pA/cm?
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Figure 4.5. Measured voltage vs time for I, = 113.6 uA/cm?.
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When the re-anodization current density was further reduced, however,
i.e., lmdz = 56.8 uA/cm? (figure 4.6), the measured voltage shows a completely
different trend: first, the potential shows a fast increase from 78 Vto 96 V in
1.2 s, then drops to 95 V in 0.9 s and finally starts to decrease slowly, with a

rate almost constant of 14 mV/s.
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Figure 4.6. Measured voltage vs time for l;ng, = 56.8 uA/cm?

If the constant re-anodization current density is further reduced, for lrnd,
= 5.7 uA/cm? [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 constant rate of 29 mV/s until stabilizes reaching
values close to zero in 7 h. Figure 4.7 b) shows the cross-section SEM view of
a sample after re-anodization performed with g, = 5.7 uA/cm?. The picture
shows that small branchings have grown through the barrier layer. The
branchings appear distributed non-homogeneously at the bottom of the

pores.
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Figure 4.7. a) Measured voltage vs time and b) cross-section SEM view of NAA for
lmgz = 5.7 WA/cm?. The scale bar is indicated in the picture.

The previous tests can be classified into two main groups: for re-
anodization current densities above 56.8 uA/cm? the measured voltage
increases with the application of a constant re-anodization current density,
while for current densities below 56.8 uA/cm? the trend is opposite i.e. the

measured voltage decreases.
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Taking into account that the barrier layer thickness is proportional to the
anodization voltage,[94,237] the increase in measured voltage for the current
densities higher than 56.8 uA/cm? (figures 4.3, 4.4 and 4.5) is indicating that
the barrier layer thickness is increased. This can be explained by the fact that
the current density applied is high enough to produce the generation of oxide
at the oxide-metal interface at a higher rate than the dissolution at the
electrolyte-oxide interface. On the other hand, when the current density is
small enough [figures 4.6 and 4.7 a)] the rate of oxide generation is limited
by the current density applied and the dissolution is promoted. The SEM view
in figure 4.7 b) indicates that the dissolution of the alumina takes place locally
at points distributed on the surface of the pores’ bottom, resulting in the
formation of small branchings that penetrate through the barrier layer.

The procedure was further optimized by testing two more re-anodization
current densities values: g, = 28.4 uA/cm? and g, = 17.0 uA/cm?.

Figure 4.8 a) corresponding to Imd; = 28.4 uA/cm? shows a measured
voltage increases over a short period, and then it decreases to values close to
0V. The behaviour of the measured voltage is similar to that recorded for ling,
= 5.7 uA/cm?, with the difference that the measured voltage 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 carried out over 12 h. Interestingly,
SEM views [figure 4.8 b) and c)] of the corresponding re-anodization process
show similar branchings as those formed for lmg,; = 5.7 uA/cm? with the
difference that in this case, the branchings go through the barrier layer and
continue growing into the aluminium substrate [Shown by the red arrows in

figure 4.8 c)].
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Figure 4.8. a) Measured voltage vs time corresponding to lrg, = 28.4 pA/cm?. b)
Cross-section SEM view for this value of current density. ¢) Magnification view of b)
with the growth of the branchings into the aluminium, which is mark by red
arrows. The scale bars are indicated in each picture.
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In figure 4.9 a), the measured voltage for lmda, = 17.0 pA/cm? shows a
similar behaviour as in the previous lmd; = 5.7 uA/cm? and ling; = 28.4 uA/cm?.
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 in figure 4.8 ¢). SEM views [figure 4.7 b) and 4.8 c)] for Iing;
= 5.7 uA/em? and ling; = 28.4 uA/cm? respectively, show branchings in the
alumina barrier layer. The main difference with the lng, = 5.7 uA/cm? current
density is that in this case branchings are uniformly distributed on the pores’
bottom. On the other hand, if compared with lmd, = 28.4 uA/cm?, branchings
grow only through the barrier layer and do not penetrate on the aluminium
substrate. It is also important to point out that the re-anodization at this
current density, for such time, leaves points of contact between the oxide
and the metallic aluminium substrate. (indicated by blue arrows in figure 4.9
c). Such points are crucial to avoid the detachment of the porous oxide from

the aluminium substrate when the subsequent etching step is applied.
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Figure 4.9. a) Measured voltage vs time for Irng, = 17.0 pA/cm?. b) Cross-section SEM
view of NAA for this value of current density. ¢) Magnification view of b) with the
point of contact 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 Final Barrier Layer Etching

Figure 4.10 shows SEM views of the resulting NAA after applying a
chemical etching step as described in the experimental section to a sample
produced by a re-anodization current density of ling; = 17.0 uA/cm?. For this
sample, the re-anodization process was stopped after 5.5 h and the chemical
etching was applied for 38 min. Figure 4.10 a) and b) correspond to a cross-
section from different view angles, while the figure 4.10 c¢) corresponds to a
top-view. Finally, figure 4.10 d) and e) show the cross-section SEM view of
NAA together with the aluminium substrate. In figure 4.10 a) the green
arrows point to the pore’s bottom showing that the barrier layer has been
removed. Figure 4.10 b) corresponds to a flake detached from the aluminium
surface, allowing for a high-contrast picture of the lower part of the pores
clearly showing the absence of the barrier layer at the pores’ bottom. The
top-view SEM view in figure 4.10 c) shows that the pore wall thickness has
been also reduced by the final chemical etching step, but it is thick enough to
ensure structural stability. Finally, the cross-section views in figures 4.10 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 4.10. a) and b) cross-section and c) top SEM view of NAA after a chemical

etching of NAA samples obtained with a lrng, = 17.0 pA/cm?. d) and e) Cross-section
SEM view of the porous anodic alumina together with the aluminium substrate. The
scale bars are indicated in each picture.
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Figure 4.11 exhibits the measured current vs applied voltage of several
NAA substrates with and without barrier layer. Measured current values of
NAA are almost O mA while measured current values of wBL-NAA vary
between -5 and 8 mA. Thus, demonstrating that there is an electric contact
between aluminium and the pore bottom and therefore will be an electric
contact between a conductor material infiltrated within wBL-NAA and the

aluminium.

Without
barrier layer

Measured Current [mA]
o

With
barrier layer

Applied Voltage [V]

Figure 4.11. Measured current vs applied voltage of NAA substrates with and
without barrier layer.
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4.4 Conclusions

It is presented a new method for the removal of the thick barrier layer in
NAA without removing the aluminium substrate based on a re-anodized step
at a constant current density and chemical etchings. The best condition for
removing the barrier layer is to fix a constant density current of 17.0 pA/cm?
in the constant current re-anodization step, using as electrolyte a solution of
H3PO4 (1% wt.) Previous methods for removing the barrier layer from NAA
are designed for thin barrier layers and cannot apply in samples obtained in
HsPOa4 (1% wt.) electrolytes with barrier layers of more 200 nm. Our method
was tested for NAA samples obtained by two-step anodization process and
using an H3POg4 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 reduce the thickness of
the barrier layer with H3PO4 (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 of the barrier layer. A re-anodization at a low current density such
as 17.0 pA/cm? leads completely barrier layer-free NAA without detachment
of the aluminium substrate. For higher re-anodization current densities, the
measured anodization voltage shows an initial decrease 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 pA/cm?, measured anodization
voltage shows a steady decrease and stabilization at a value close to O V. This
behaviour is related to the creation of non-homogenous branchings within

the barrier layer. This barrier layer with the branchings can be removed with
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a final chemical etching step of H3PO4 (4% wt.) at 35 °C. If the re-anodization
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 final chemical etching step is applied
to such a layer, NAA separates from the aluminium substrate. To avoid such
detachment, it is crucial to stop the re-anodization before such highly
nanoporous layer is formed. However, this process can be useful in the
fabrication of nanoporous membranes.

Finally, the formation of barrier layer-free 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
substrate. Although this method has been developed for NAA obtained with
H3PO4 electrolytes, it could be extended to NAA fabricated with different
electrolytes at high voltage anodization. Further research to study the
infiltration of different materials into the barrier-free NAA and the study their

electrical characteristics is underway.
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Chapter 5

Strategies for Infiltrating Solutions in
Barrier Layer Free Nanoporous
Anodic Alumina
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In the following chapter, a novel type of perovskite solar cell device on a
metallic substrate, using nanoporous anodic alumina as enclosure, is
presented. The experimental methods used for infiltrating distinct kinds of
materials within the nanoporous anodic alumina membrane, which barrier
layer was previously removed, are explained. A nanostructured perovskite
solar cell device is manufactured, and its current density-voltage

characteristics are measured.
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5.1 Introduction

Perovskite solar cells (PSCs), as is explained in chapter 2 section 2.2.2.2,
have received a great deal of attention 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 of the perovskite layer in the presence of
humidity, radiation and temperature.[217,248] Due to that, in this chapter,
the fabrication of a nanostructured PSC based on nanoporous anodic alumina
(NAA) technology is investigated. NAA provides 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 aluminium and 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 must have 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
semi-transparent 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 layer-free NAA (wWBL-NAA) is used as an
enclosure and the aluminium of the wBL-NAA substrate will work as the
opaqgue metal electrode. We expected that NAA to have the role of enclosure,

in which monocrystals will grow, as a result of confinement. First, typical
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aluminium anodization using phosphoric acid was carried out to obtain the
pattern for an ordered nanoporous substrate.[246] (chapter 3, section 3.1.2)
Secondly, a procedure in which a partially widened nanoporous layer is
subjected fixed-current anodization to remove the barrier layer was
conducted.[249] (chapter 4) Finally, different layers corresponding to the
structure of the PSC devices testes in chapter 3 section 3.2, for preparing the
most used PSC device were infiltrated into the nanopores of NAA to obtain a

nanostructured perovskite solar cell (nPSC) device.

5.2 Experimental
5.2.1 Titanium Dioxide Infiltration

To achieve the aim of having a nanostructured titanium dioxide (TiO3)
layer thickness below 100 nm and with a homogeneous height among all the
nanopores, different tests were carried out.

First, a titanium dioxide (TiOx) solution was prepared, in a Nx-filled
glovebox, via the sol-gel method described by Kim et al.[215,250] mixing 0.2
mL of titanium (IV) isopropoxide (Ti[OCH(CHs),]4a) with 0.1 mL of 2-
methoxyethanol  (CHsOCH,CH,OH) and 1 mL of ethanolamine
(H2NCH,CH,0H). The TiOx-solution was heated to 120 °C for 90 min under
magnetic stirring to obtain a clear solution. Subsequently, the TiOx-solution
was filtered (0.2 um PTFE filter) and diluted in anhydrous methanol (CH30OH)
with a volume ratio of 1:3 (TiOx-solution:CH3OH). The diluted TiOx-solution
was stirred for 1 h and filtered (0.2 um PTFE filter) before its deposition.

Secondly, the diluted-TiOx solution was deposited on the top of different
wBL-NAA substrates, prepared in the same conditions, via drop-casting and

spin-coating.
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Finally, after each deposition, to convert the precursors in TiO, by
hydrolysis, the substrates were left in ambient conditions for 1 hour, heated
at 150 °C for 10 min and heated at 500 °C for 30 min. The final temperature
was reached by increasing the temperature with 20 °C/min heating rate.
Since aluminium is the base of the wBL-NAA substrates, is very important to
note that the aluminium melting point is 660 °C. The temperature at which
the substrates must be heated for the TiO; anatase crystalline formation (500
°C) 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 thermal expansion between metallic aluminium and the
porous aluminium oxide layer. Such stress can cause bending of the
substrate. Therefore, once the TiO, formation temperature is reached, the
substrates are quickly cooled by placing them on a base of material that is a

good conductor of heat.

5.2.1.1 Titanium Dioxide Infiltration via Drop-Casting Deposition
Several diluted TiOx-solution volumes (V4) Vg1 = 100 pL, Vg2 = 50 pL, Vg3 =
30 pL and Vg = 20 pL were drop-casted on the top of four wBL-NAA

substrates. The wBL-NAA substrate area exposed to V4 was 1.76 cm?.

Substrate ‘ 1 2 3 4

vd [pL] ‘ 100 50 30 20

Table 5.1. TiOx-solution volumes deposited on the top of wBL-NAA substrates via
drop-casting.
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5.2.1.2 Titanium Dioxide Infiltration via Spin-Coating Deposition

Various wBL-NAA substrates were placed in a spin-coating device. 100 uL
of the diluted TiOx-solution were deposited on the top of the wBL-NAA
substrates. After waiting for 30 s to let the diluted TiOx-solution infiltrates
nanopores, the wBL-NAA substrates were spin-coated at 4000 rpm (2160
rom/s) for 90 s, to obtain the desired nanostructured TiO; layer thickness

below 100 nm.

5.2.2 MAPbIs perovskite Infiltration

To reach the goal of having a nanostructured methylammonium lead
iodide (MAPbI3) perovskite layer thickness between 400 nm and 600 nm and
with a homogeneous height among all the nanopores, diverse experiments
were conducted.

First, several MAPbI; perovskite precursor solutions were prepared, in an
N,-filled glovebox, from the two precursors as is explained in chapter 3
section 3.2.2.3. Subsequently, the solutions were filtered (0.2 um PTFE filter)
before its deposition.

Secondly, a wBL-NAA substrate was placed in a spin-coating device which
was positioned in a Ny-filled glovebox. 100 uL of each MAPbIs perovskite
precursor solution were dropped on the top of different wBL-NAA substrates
prepared in identical conditions. After waiting for 60 s to let the solutions
infiltrates nanopores, the substrates were spin-coated at 4000 rpm (3996
rpm/s) for 45 s, to obtain the desired nanostructured MAPbIs perovskite 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 h to obtain crystalline perovskite (MAPbI3) films. The
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conditions of the MAPbIs perovskite precursor solutions depositions are

summarized in table 5.2.

Sub MAPbI3 [M] Solvent Ss [rpm] Ac [rpm/s] Time [s]

5 1.5 DMF 4000 3996 45
6 2 DMF 4000 3996 45
7 2.5 DMF 4000 3996 45

Table 5.2. Conditions of the MAPbI; perovskite precursor solutions depositions. Sub:
substrate, Ss: spin speed, Ac: spin acceleration.

5.2.3 Spiro-OMeTAD Infiltration

To realise the target of having a 2,2',7,7'-Tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD) layer 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 performed.

Diverse solutions were prepared, in an N»-filled glovebox, by dissolving
different amounts of spiro-OMeTAD in 1 mL of anhydrous chlorobenzene.
Subsequently, the solutions were vigorously stirred and filtered (0.2 um PTFE
filter) before its deposition. 100 plL of each solution were deposited on the
top of several wBL-NAA-TiO,-MAPbI3 substrates prepared in identical
conditions via spin-coating. The spiro-OMeTAD layer thickness was adjusted
via concentration solution and spin-coating speed.

First, a 72 mg/mL spiro-OMeTAD solution was spin-coated at two
different spin speeds (Ss): Ss1 = 1000 rpm and Ss; = 1500 rpm. After these
tests, the spiro-OMeTAD layer infiltration was optimized by testing two more

spiro-OMeTAD solution concentrations (C): C1 = 105 mg/mL and C; = 140
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mg/mL, using the same spinning conditions in its deposition. The conditions

of the spiro-OMeTAD solutions depositions are summarized in table 5.3.

Sub Spiro-OMeTAD [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 5.3. Conditions of the spiro-OMeTAD solutions deposition. Sub: substrate, Ss:
spin speed, Ac: spin acceleration.

To perform the first test, a 72 mg/mL spiro-OMeTAD solution was made
by dissolving 72 mg of spiro-OMeTAD in 1 mL of anhydrous chlorobenzene.
100 pL of the 72 mg/mL spiro-OMeTAD solution were dropped on the top of
two WBL-NAA-TiO,-MAPbIs substrates and they were spin-coated at two
different spin-coating speeds: Ssi = 1500 rpm (1080 rpm/s) and Ss, = 1000
rom (1080 rpm/s) for 90 s. Afterwards, both substrates were placed into a
thermal evaporation chamber (vacuum pressure < 5x5° torr, in an N-filled
glovebox) and the semi-transparent electrode described by Jun Hee Han et
al.[175] was deposited over the spiro-OMeTAD layer using a thin-film mask
to pattern the electrode. It was composed by tungsten trioxide (WOs) and
silver (Ag). The structure consists of two thin Ag films surrounded by WO3
layers. The semi-transparent electrode was deposited sequentially: WO3 (50
nm)/Ag (12 nm)/WOs (105 nm)/Ag (12 nm)/WOs3 (50 nm).

Secondly, two more spiro-OMeTAD solutions were prepared with
concentrations (C) greater than 72 mg/mL, C3 = 105 mg/mL and Cs = 140

mg/mL, by dissolving 105 mg and 140 mg of spiro-OMeTAD in 1 mL of

98



UNIVERSITAT ROVIRA I VIRGILI
TOWARD NANOSTRUCTURED PEROVSKITE SOLAR CELLS BASED ON NANOPOROUS ANODIC ALUMINA TECHNOLOGY
Maria Del Pilar Montero Rama

anhydrous chlorobenzene. 100 pL of each spiro-OMeTAD solution were
dropped on the top of two wBL-NAA-TiO,-MAPbI3 substrates and they were
spin-coated at 1000 rpm (1080 rpm/s) for 90 s.

5.2.4 Nanostructured Perovskite Solar Cell Device Fabrication

To fabricate a nanostructured perovskite solar cell (nPSC) device several
wBL-NAA substrates, prepared under identical conditions, with a nanoporous
film thickness of about 1 um, were placed in a spin-coating device which is
positioned in an Nx-filled glovebox. Some of the previously prepared solutions
were filtered (0.2 um PTFE filter) before its deposition and they were
deposited under nitrogen conditions (02 < 0.1 ppm and H,0 < 0.1 ppm). The

conditions of each solution deposition are summarized in table 5.3.

Material C[M] vd [uL] Ss [rpm] Ac [rpm/s] T [s]
TiOx 100 4000 2160 90
MAPbI; 2 100 4000 3996 45
s-OMeTAD  0.114 100 1000 1080 90

Table 5.4. Conditions of the solutions depositions. C: concentration, Vd: deposited
volume, Ss: spin speed, Ac: spin acceleration, T: spin time.

First, 100 pL of the diluted TiOx-solution were dropped on the top of the
wBL-NAA substrates. After waiting for 30 s to let the diluted TiOx-solution
infiltrates nanopores, the wBL-NAA substrates were spin-coated at 4000 rpm
(2160 rpm/s) for 90 s. Then, to convert the precursors in TiOz by hydrolysis,
the substrates were left in ambient conditions for 1 hour, heated at 150 °C

for 10 min and heated at 500 °C for 30 min.
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Secondly, 100 uL of the 2 M MAPbIs perovskite precursor solution were
dropped on the top the previously deposited layer. Following, after waiting
for 60 s to let the solution infiltration, the substrates were spin-coated at
4000 rpm (3996 rpm/s) for 45 s. Subsequently, the substrates were placed in
a hotplate and they were annealed at 100 °C for 1 h. The surface of the
substrates turned black during the first minute of the annealing process.

Thirdly, 100 uL of the 140 mg/mL spiro-OMeTAD solution were dropped
on the top of the previously deposited layer and the substrates were spin-
coated at 1000 rpm (1080 rpm/s) for 90 s.

Finally, the substrates were loaded into the thermal evaporation chamber
(vacuum pressure < 5x10°® torr, in an Nx-filled glovebox) and using a thin-film
mask the semi-transparent electrode was thermally deposited sequentially:
WOs3 (50 nm)/Ag (12 nm)/WOs (105 nm)/Ag (12 nm)/WOs (50 nm).
Afterwards, the thin-film mask was changed and 150 nm of Ag were thermally
deposited. In all cases, the effective device area of the nPSC was 0.28 cm?.

Figure 5.1 a) shows a schematic diagram and b) displays a photo of the

prepared nPSC device.

@,

#

a) b)

Figure 5.1. a) nPSC basic architecture scheme. b) nPCS device photo. Layers are not
to scale in the basic architecture scheme.
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5.2.5 Semi-Transparent Electrode Characterization

To measure the transmittance and sheet resistance of the proposed semi-
transparent electrode composed of WOs3 (50 nm)/Ag (12 nm)/WOs (105
nm)/Ag (12 nm)/WO0s3, several glasses were placed in the thermal evaporation
chamber (vacuum pressure < 5x10° torr, in an N,-filled glovebox and the
alternative layers of WOs3 and Ag were evaporated under the same

conditions.

5.3 Results and Discussion
5.3.1 Titanium Dioxide Infiltration
5.3.1.1 Titanium Dioxide Infiltration via Drop-Casting Deposition

To measure the nanostructured TiO2 layer thickness within the nanopores
an SEM study of the wBL-NAA-TiO; substrate was carried out. Figures 5.2 a),
b), c) and d) show the top SEM pictures of the wBL-NAA substrates after the
TiOx diluted-solution deposition via drop-casting. The volumes deposited
were 100 pL, 50 uL, 30 pL and 20 pL, respectively. For V41 = 100 pL [figure 5.2
a)] the nanopore structure of the wBL-NAA surface can be observed without
any traces of deposited TiO, on top of them. For V4, = 50 uL, Vg3 = 30 plL and
Vaa = 20 pL [figures 5.2 b), c) and d), respectively] big TiO islands 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 the TiO; islands,
nanopores pathways can be seen. These pathways become more narrows as

the amount of deposited TiO; decreases.
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Figure 5.2. a), b), ¢) and d) top SEM views of the wBL-NAA substrates after the TiOy
diluted-solution deposition via drop-casting. The volumes deposited were 100 pL,
50 L, 30 uL and 20 uL, respectively. The scale bars are indicated in each picture and
the TiO, is marked by blue arrows.

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

enough time to infiltrate the nanopores. For V41 = 100 L [figure 5.2 a)] TiO»
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has infiltrated the nanopores without filling them. For Vga = 20 uL [figure 5.2
d)] there are more TiO; covering the nanopores than for Vgs = 30 plL and Vg2
=50 pL [figure 5.2 c) and b), respectively] and in turn in for Vg3 = 30 uL [figure
5.2 c¢)] there are more TiO; covering the nanopores than Vg, = 50 pl [figure
5.2 b)]. There is a great amount of TiO, covering the nanopores, therefore,

the TiO; is not within the nanopores.

5.3.1.2 Titanium Dioxide Infiltration via Spin-Coating Deposition

To estimate the nanostructured TiO; layer thickness within the nanopores
a cross-sectional SEM study of the wBL-NAA-TiO; substrate was conducted.
Figure 5.3 exhibits the cross-section SEM picture of the wBL-NAA substrate
after the diluted TiOx-solution infiltration via spin-coating deposition. The
double blue arrow is pointing the TiO, amount on the nanopores bottom. The
simple blue arrows are marking the actual TiO; thickness. The double purple
arrow denotes the MAPbIs perovskite layer, which was deposited after the
diluted TiOx-solution, now we focus on the TiO; layer. Figure 5.3 shows as the
TiO2 layer is homogeneously distributed on the nanopores bottom covering
the aluminium surface. The nanostructured TiO, layer thickness was

estimated at 40 nm.
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Figure 5.3. Cross-section SEM view of the wBL-NAA substrate after the diluted TiOx-
solution infiltration via spin-coating deposition. The scale is indicated in the picture
and the TiO; is marked by the blue arrows.

5.3.2 MAPbIs perovskite infiltration

To estimate the nanostructured MAPbIs layer thickness within the
nanopores a cross-sectional SEM study of the wBL-NAA-MAPbIz substrates
was performed. Figures 5.4, 5.5 and 5.5 a) and b) display the top and c¢) and
d) exhibit the cross-section SEM pictures of the wBL-NAA substrates after the
MAPbIs perovskite precursor solutions infiltrations with a concentration of

1.5M, 2 M and 2.5 M, respectively.
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From figure 5.4 a) nanopores with 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 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 the nanopores are
almost filled (it means more than 500 nm and less than 1 um) they will be
white. In figure 5.4 b) a grey layer of about 7 um over the nanopores can be
observed (marked by the purple arrow). It is a MAPbls layer. In figure 5.4 c)
and d) the double purple arrows are marking the MAPbls thickness and the
yellow one denotes the nanopores thickness. From these pictures, the

nanostructured MAPbIs layer thickness was estimated at 700 nm.

Figure 5.4.a) and b) top; c) and d) cross-section SEM views of the wBL-NAA substrate
after the MAPbIs (1.5 M) infiltration via spin-coating deposition. The MAPbls layer is
marked by purple. The yellow double arrow denotes the nanopores thickness.
Pictures a) and c) 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 uniform grey tone across the
surface can be observed. It is because the filling degree is homogeneous
through the nanoporous layer. Following the same reasoning from figure 5.4
a) the nanopores are partially filled. In figure 5.5 d) the double purple arrows
are marking the MAPbIs thickness and the yellow one denotes the nanopores
thickness. From these pictures, the nanostructured MAPbI; layer thickness

was estimated at 500 nm.

Figure 5.5. a) and b) top; c) and d) cross-section SEM views of the wBL-NAA substrate
after the MAPbI; (2 M) infiltration via spin-coating deposition. The MAPbIs layer is
marked by purple. The yellow double arrow denotes the nanopores thickness.
Pictures c) and d) were taken in backscattering mode. The scales are indicated in
each picture.
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In figures 5.6 a) and b) a kind of needles can be seen, marked by purples
arrows. These needles are the MAPbIs crystals, which grows over NAA surface
instead of growing inside the nanopores as it is expected. In figures 5.6 c) and
d) the double purple arrows are marking the MAPbI; thickness and the yellow
one denotes the nanopores thickness. From these pictures, the

nanostructured MAPbIs layer thickness was estimated at 2000 nm.

Figure 5.6. a) and b) top; c) and d) cross-section SEM views of the wBL-NAA substrate
after the MAPbIs (2.5 M) infiltration via spin-coating deposition. The MAPbls layer is
marked by purple. The yellow double arrow denotes the nanopores thickness.
Pictures a), ¢) and d) were taken in backscattering mode. The scales are indicated in
each picture.
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Figure 5.7 a) shows the X-Ray diffractograms for MAPbI; perovskite
precursor solution deposited over an electropolished aluminium (black line)
and wWBL-NAA substrates (purple line). Figure 5.7 b) displays the XRD of
MAPbIz perovskite magnified in the region of (26 = 10.0°-16.0°) and (20 =
26.0°-30.0°). In figure 5.7 a) several diffraction peaks can be observed. In
agreement with reported literature, the peaks at 14.0°, 20.0°, 23.5°, 24.5°,
28.2°,31.7°, 35.0°, 40.5° and 43° in the XRD pattern corresponding to (110),
(200), (211), (202), (220), (310), (312), (224) and (330) diffraction planes of
MAPbl; perovskite, respectively.[251,252] Those diffraction peaks are
assigned to the crystal planes of the tetragonal lattice of the mixed halide
perovskite, indicating that the tetragonal MAPbIs perovskite structure is
formed.[253] In figure 5.7 b) two strongest intensities centred about 14.0°
and 28.0° can be seen, corresponding to the more characteristic peaks of the
tetragonal MAPbIs perovskite structure. Also, there are two more diffraction
peaks at 38.5° and 44.8°, corresponding to pure aluminium, due to the

aluminium is the base of the electropolished and wBL-NAA substrates.
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Figure 5.7. a) Measured X-ray diffraction patterns of MAPbls perovskite deposited
over an electropolished aluminium (black line) and wBL-NAA (purple line) substrates.
b) magnified in the region of (26 = 10.0°-16.0°) and (26 = 26.0°-30.0°).

5.3.3 Spiro-OMeTAD Infiltration

To calculate the spiro-OMeTAD height and check if it has infiltrated the
nanopores filling them and levelling the rough NAA surface an SEM study of
the wBL-NAA-MAPbI3-spiroOMeTAD substrate was carried out. Figures 5.8 a)
and b) exhibit the cross-section and figures 5.8 ¢) and d) show the top SEM
pictures of wBL-NAA-MAPbI3 substrate after the 72 mg/mL spiro-OMeTAD
solution deposition, at the spin-coating speeds of 1500 rpm and 1000 rpm,
respectively. Figures 5.8 e) and f) correspond to the same substrates as

figures 5.8 ) and f) at a higher magnification.
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In figures 5.8 a) and b) three layers can be distinguished, the MAPbls layer
marked by a purple double arrow, the spiro-OMeTAD layer marked by a green
double arrow and the semi-transparent electrode marked by an orange
double arrow. The yellow double arrow denotes the nanopore thickness.
From Ss1 = 1500 rpm [figure 5.8 a)] and Ss, = 1000 rpm [figure 5.8 b)] the total
thickness of the different infiltrated layers is estimated at 862 nm and 924
nm, respectively. Both thicknesses are less than the nanopores thickness (1
um), therefore, part of the semi-transparent electrode is infiltrated into the
nanopores, and part of it covers NAA surface.

In figure 5.8 it can be seen as the nanopores were not filled with the spiro-
OMeTAD for any of the tested spinning speeds. The spiro-OMeTAD layer
should fill the nanopores and form a flat film which covers NAA surface.
Although for Ss, = 1000 rpm [figure 5.8 b)] the spiro-OMeTAD can fill the
nanopores to a greater depth than for Ss; = 1500 rpm [figure 5.8 a)], the
reached depth is not enough. The spiro-OMeTAD layer thicknesses were not
enough to fill the nanopores and cover NAA surface, therefore a thicker spiro-
OMeTAD layer is necessary. In figures 5.8 c) and d) and their magnifications
figures 5.8 e) and f), the semi-transparent electrode surface, marked by
orange arrows, can be observed. This layer shows roughness on the semi-

transparent electrode film.
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Figure 5.8. a) and b) cross-section; ¢) and d) top SEM views of wBL-NAA-MAPDbI; after
the spiro-OMeTAD deposition at the spin-coating speeds of 1500 rpm and 1000 rpm,

respectively, and the posterior electrode thermal evaporation. The MAPblIs, spiro-
OMeTAD and the semi-transparent electrode layers are marked by purple, green
and orange arrows, respectively. The yellow double arrow denotes the nanopores
thickness. Pictures a) and b) were taken in backscattering mode. The scales are
indicated in each picture.
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Figures 5.9 a) and b) show the cross-section and figures 5.9 c) and d) show
the top SEM pictures of the wBL-NAA-MAPDI3 substrates after 105 mg/mL
and 140 mg/mL spiro-OMeTAD solutions infiltration, respectively. Figures 5.9
e) and f) display the magnification pictures of ¢) and d), respectively. In figures
5.9 a) and b) two layers can be distinguished, a MAPbIs layer marked by a
double purple arrow and the spiro-OMeTAD layer marked by a double green
arrow. The yellow double arrow denotes the nanopores thickness (1 um). For
C1 = 105 mg/mL [figure 5.9 a)] and C, = 140 mg/mL [figure 5.9 b)] the total
thickness of the different infiltrated layers is estimated at 1.03 um and 1.45
um, respectively. In figures 5.9 ¢) and d) and their magnifications, figures 5.9
e) and f), the spiro-OMeTAD film surface can be observed. Figures 5.9 ¢) and
e) show roughness on the spiro-OMeTAD film. On the other hand, figures 5.9
d) and f) exhibit a flat spiro-OMeTAD film.

In figure 5.9 it can be seen as the nanopores were filled for both deposited
spin speeds, however, in figure 5.9 a) the spiro-OMeTAD only is filling the
nanopores while in figure 5.9 b) the spiro-OMeTAD is not only filling the
nanopores but also is covering them and forming a flat film over the wBL-NAA
surface. The nanopores structure of the wBL-NAA surface cannot be
observed on the top-view picture. This indicates that spiro-OMeTAD 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 nm vs 100-300 nm) and could incur resistive losses.
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Figure 5.9. a) and b) top and c¢) and d) cross-section SEM views of wBL-NAA-MAPbI3
after 105 mg/mL and 140 mg/mL spiro-OMeTAD solutions deposition, respectively.
e) and f) magnifications views of c) and d) respectively. The MAPbl; and spiro-
OMeTAD layers are marked by purple and green arrows, respectively. The yellow
double arrow denotes the nanopore thickness. Pictures a), c), e) and f) 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 homogeneous through the wBL-NAA substrate a SEM study of the
nPSC device was conducted. Figure 5.10 presents the cross-section SEM
picture of one of the obtained nPSC devices, in which each material is
highlighted with a different colour as is indicated in the picture. From figure
5.10 the thicknesses of the TiOz, MAPbI3, spiro-OMeTAD and semi-
transparent electrode are estimated at 40 nm, 500 nm, 900 nm and 230 nm,

respectively.

Spiro-OMeTAD

Figure 5.10. Cross-section SEM view of the nPCS device highlighting each material.
The picture was taken in backscattering mode.

The Current density vs voltage (/V) characteristics of the best performing
nPSCs devices measured in dark and under simulated AM1.5G illumination
are shown in figure 5.11. The Primary performance parameters values of the

devices are summaries in table 5.5, open-circuit voltage (Voc), short-circuit
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current density (Jsc), fill factor (FF) and power conversion efficiency (PCE).
Results demonstrate that a working nanostructured perovskite solar cell

using barrier layer-free NAA as enclosure is obtained.

0.02
— llluminated 1SUN
N ---=- Dark
E 0.01 |
<
E
Fy e
2 UJ]O ﬂ_-‘f;#ﬁfﬂfﬂ;::::::::’zr/ff
L
s
3 |
S -0.01}
o _,-'*"-
#”’Hﬂ
-002 1 | 1 1 1 1 1
0.1 00 01 02 03 04 05 06 07 08

Voltage [V]

Figure 5.11. Current density vs voltage (JV) characteristics of the best performing
nPSCs devices in dark (hollow markers) and under simulated A.M. 1.5G illumination
(100 mWcm™).

Voe [V] Jee [MA/cm?] FF [%] PCE [%]
Purple 0.49 0.006 38 0.01
Green 0.53 0.011 36 0.02
Red 0.56 0.014 36 0.03

Table 5.5. Primary performance parameters values of the best-performing nPCSs
devices measured at 1 SUN A.M. 1.5 illumination (100 mWcm™2). V,.: open-circuit
voltage, Js: short circuit current density, FF: fill factor and PCE: power conversion
efficiency.
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The effective active area of the devices was calculated with the area of the
illuminated device (0.28 cm?). However, alumina is an insulating material, it
should be taken into account to calculate the theoretical effective active area
of the devices. The porosity of alumina is about 10%[66]. So, the theoretical
density current and efficiency values can be corrected in a 10 factor.

The low J-V characteristics are probably due to a combination of factors
linked to the morphological complexity of the device. The extremely thick
layer of HTM, necessary to level the barrier layer free NAA, is most probably
responsible for significant losses. The high density of structural defects
together with the great thickness of the overall device are likely responsible
for a great amount of charge trapping as well as fast rates of recombination
dynamics with respect to charge percolation/sweep out to the respective

electrodes.

5.3.5 Semi-Transparent Electrode Characterization

To check if the proposed semi-transparent electrode has good proprieties
as electrode its optical and electric properties were assessed. The measured
average transmittance (Tavw) and measured average sheet resistance (Rsavg)
values are 21% and 2.8 Q/sq respectively. Figure 5.12 shows the
transmittance spectra of the proposed electrode and the reference glass

substrate as a function of wavelength (300-800 nm).
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Figure 5.12. Optical transmittance spectra of the proposed semi-transparent
electrode and the reference glass substrate.

The very low photovoltaic effect can be attributed to the strong
absorbance of the anode. The UV-Visible characterisation of the alternating
WO3/Ag layers showed that the layer possesses a stronger absorbance than
that expected from the literature. Further optimisation would be necessary
in order to find a better trade-off 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 infiltration of different materials, e.g., oxides (TiOz), hybrid organic-

inorganic (MAPbIs), organics (spiro-OMeTAD), within the nanopores of wBL-
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NAA (with a nanoporous film thickness of about 1 um) via simple deposition
methods such as spin-coating is demonstrated. Also, figure 5.3 shows as TiO»
diffuses until the nanopores bottom. Several tests to find the optimal
nanostructured layer thickness of each layer were carried out. In the case of
the spiro-OMeTAD 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 concentrations, via spin-coating method under
different deposition conditions, i.e., spin speed, spin acceleration and spin
time. In this way, the height of the material infiltrates can be controlled by
the spinning conditions and the material concentration, has been
demonstrated. Besides, cross-section SEM pictures exhibit as the height of
each material is homogeneous among all the nanopores. The best conditions
to obtain the appropriate nanostructure layer thicknesses of each material
are summarized in table 5.6

Finally, a semi-transparent electrode which does not damage the
perovskite layer, based on WO3 and Ag, is thermally deposited on top of the

solar cell structure.

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

TiOx 100 4000 2160 90
MAPbI; 2 100 4000 3996 45
s-OMeTAD  0.114 100 1000 1080 90

Table 5.6. 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 methodology permits the preparation of fully
working nanostructured perovskite solar cells using barrier layer-free NAA as
enclosure. The devices displayed modest values of Voc, Jsc, FF and power PCE
with respect to state-of-the-art PSC devices, however, and most importantly,
the shape of the J-V characteristics provide unequivocal confirmation that an
ohmic contact is present between the aluminium substrate and the
successive layers. Indeed, the rectifying behaviour demonstrates that
electrons are injected into the aluminium cathode and that a built-in field is
present under open circuit conditions. Therefore, it marks a starting point for
making cells with nanoporous structures. Further research will be underway
to improve the results. For example, it is needed to avoid the thermal
treatment of TiOx, decrease the height of the spiro-OMeTAD layer, use its
dopants and increase the transmittance of the electrode semi-transparent.

Also, different perovskites can be used.
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Chapter 6

Improvement of Solutions Infiltration
in Barrier Layer-Free NAA
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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 a solar cell with better current
density-voltage characteristics. The experimental part of this chapter was
carried out in the CIDEMAT group of the University of Antioquia from
Medellin (Colombia)

121



UNIVERSITAT ROVIRA I VIRGILI
TOWARD NANOSTRUCTURED PEROVSKITE SOLAR CELLS BASED ON NANOPOROUS ANODIC ALUMINA TECHNOLOGY
Maria Del Pilar Montero Rama

6.1 Introduction

In the previous chapter, a fully working nanostructured perovskite solar
cell (nPSC) based on nanoporous anodic alumina (NAA) was performed. 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 TiOx-solution is infiltrated
(WBL-NAA-TiOx) should be heated at 500 °C to obtain a TiO, anatase
crystalline formation. To avoid this thermal treatment, which can damage
NAA, in this chapter the TiOxsolution was replaced by commercial
nanoparticles of TiO, which already present an anatase crystalline form.

2) The perovskite employed (MAPbIs) was substituted by a more stable
perovskite: the caesium formamidinium methylammonium lead iodide
bromide perovskite (CsFAMAPDIBY) with stoichiometry
(FAPbI3)o.78(MAPbBr3)o.14(CsPbls)o.0s.

3) In the device manufactured in chapter 5, the spiro-OMeTAD 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)amine lithium salt solution and tert-butylpiridine
(dopants more commonly used for optimizing the performance of the spiro-
OMeTaD) were added.

4) Another important change is the semi-transparent electrode used. The

transmittance of the WOs (50 nm)/Ag (12 nm)/WOs (105 nm)/Ag (12
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nm)/WOs electrode was very low, therefore, several tests to optimizes the

transmittance were carried out.

6.2 Experimental
6.2.1 Titanium Dioxide Infiltration

To reach the goal of having a nanostructured titanium dioxide (TiOz) layer
thickness below 100 nm and with a homogeneous height among all the
nanopores, distinct tests were carried out. Several titanium dioxide
nanoparticles (TiO,-NPs) dispersions were prepared with different
concentrations and employing diverse solvents. The solvents used for the
TiO2-NPs dispersions were a mixture of deionized water (H,0) and ethanol
(CoHsOH) at different volume fractions). Following, the effect of these
variables (TiO2-NPs concentration and solvent) in the TiO,-NPs infiltration
within the nanopores was studied.

Initially, six TiO2-NPs dispersions were tested at three concentrations (C):
C=2mg/mL, C=5mg/mL and C = 10 mg/mL and employing a mixture of
H,0:CoHsOH with a volume ratio of 1:1 and 1:3 as solvents. After these tests,
the procedure was further optimized by testing four more TiO2-NPs
dispersions: C = 3 mg/mL, C=1.5 mg/mL, C=1 mg/mL and C = 0.5 mg/mL,
employing a mixture of H,O: C;HsOH with a volume ratio of 1:1. To carry out
these tests 2 mg, 5 mg, 10 mg and then 3 mg, 1.5 mg, 1 mg and 0.5 mg of
TiO2-NPs were dispersed in 1 mL of the solvent and subsequently, they were
vigorously stirred to achieve a good NPs dispersion.

The commercial TiO,-NPs presented an anatase crystalline form.
Therefore, a temperature treatment after each TiO,-NPs dispersion

deposition was not necessary. The TiO2-NPs dispersions summarized in table
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6.1 were prepared and 100 ulL of each solution were drop-casted on the top

of several wBL-NAA substrates elaborated under the same conditions.

Sub TiO2-NPs concentration [mg/mL] Volume ratio [H20: C;HsOH]

1 2 1:1
2 2 1:3
3 5 11
4 5 1:3
5 10 1:1
6 10 1:3
7 3 1:1
8 1.5 11
9 1 11
10 0.5 1:1

Table 6.1. Conditions of the prepared titanium dioxide nanoparticles dispersions.
Sub: substrate.

6.2.2 CsFAMAPbDIBr Perovskite Infiltration

To achieve the aim of having a nanostructured caesium formamidinium
methylammonium lead iodide bromide (CsFAMAPbIBr) perovskite layer
thickness between 400 and 600 nm, and with a homogeneous height among
all the nanopores, a 1 M CsFAMAPbIBr perovskite precursor solution was
prepared, in a Np-filled glove-box, as is explained on chapter 3 (3.2.3.3). The
precursor solution was filtered before its deposition. The wBL-NAA-TiO;
substrates, made under identical conditions, were loaded in a spin-coating
which is positioned in a dry-box. 100 pL of CsSFAMAPDbIBr perovskite precursor
solution were dropped on the top the substrates. After waiting for 60 s to let

the CsFAMAPDIBr perovskite precursor solution infiltration in the nanopores,
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the substrates were spin-coated at 4000 rpm (3996 rpm/s) for 45 s, to obtain
the desired nanostructured CsSFAMAPDIBr perovskite layer thickness between
400 nm and 600 nm. Later, the substrates were placed in a hotplate and they

were annealed at 100 °C for 1 h.

Substrate CsFAMAPDIBr [M] Ss [rpm] Ac[rom/s]  T[s]

11 1.0 4000 3996 45

Table 6.2. Conditions of the CsFAMAPbIBr perovskite precursor solution deposition.
Ss: spin speed, Ac: acceleration speed, T: spin time.

6.2.3 Spiro-OMeTAD Infiltration

To reach the target of  having 2,2',7,7'-Tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9' spirobifluorene (spiro-OMeTAD) with a height
between 100 nm and 300 nm a 70 mM spiro-OMeTAD solution was prepared,
in a Np-filled glovebox, as is described on chapter 3 (3.2.3.4). Subsequently,
the solution was vigorously stirred and filtered (0.2 um PTFE filter) before its
deposition.

The conditions of the spiro-OMeTAD solution depositions are
summarized in table 6.3. 100 uL of the 70 mM spiro-OMeTAD solution were
dropped, in a dry-box, on the top of two wBL-NAA-TiO,-CsFAMAPbIBr
substrates prepared under similar conditions. Each substrate was spin-coated
at a different spin speed: Ss1 = 2500 rpm and Ss; = 1500 nm, (2000 rpm/s) for
30 s, to obtain the desired spiro-OMeTAD height between 100 nm and 300

nm.
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Substrate Spiro-OMeTAD [mM] Ss [rpm] Ac [rom/s]  T[s]

12 70 2500 2000 30
13 70 1500 2000 30

Table 6.3. Conditions of the spiro-OMeTAD solution depositions. Ss: 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 TiO2-NPs, CsFAMAPbIBr perovskite precursor solution and

the spiro-OMeTAD solution were deposited as is indicated in table 6.4.

Material C[M] Vd [pL] Ss [rpm] Ac [rpm/s] T [s]
TiO2-NPs 0.5 100 - - -
TC 1 100 4000 3996 45
s-OMeTAD 0.70 100 2500 2000 30

Table 6.4. Conditions of the different solution depositions in a wBL-NAA with a
nanoporous film thickness of 650 nm. TC: CsFAMAPbIBr, C: concentration, Ss: spin
speed, Ac: acceleration speed, T: spin time.

First, 100 pL of the TiO,-NPs dispersion number 10, (C = 0.5 mg/mL
employing a mixture of H,0:C;HsOH with a volume ratio of 1:1) were drop-
casted on the top of the wBL-NAA substrates, to obtain the desired
nanostructured TiO3 layer thickness below 100 nm. Secondly, 100 pL of the 1
M CsFAMAPDIBr perovskite precursor solution were deposited, in a dry-box,
on the top of the previously deposited layer. After waiting for 60 s to let the
CsFAMAPDIBr perovskite precursor solution infiltration in the nanopores, the
substrates were spin-coated at 4000 rpm (3996 rpm/s) for 45 s, to obtain 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 °C for 1 h. Finally, 100 pL of the 70 mM spiro-OMeTAD
solution were dropped, in a dry-box, on the top of the previously deposited
layer. The substrates were spin-coated at 2500 rpm (2000 rpm/s) for 30's, to
obtain the desired spiro-OMeTAD height between 100 nm and 300 nm. It is
very important to consider that to increase the oxidative doping of the spiro-
OMeTAD, substrates were kept in dark in a dry air chamber overnight before

the thermal evaporation of the semi-transparent electrode.

6.2.4 Semi-Transparent Electrode

To achieve the goal of having a highly conductive semi-transparent
electrode, the indium tin oxide-coated glasses (ITO) were used as substrates.
The ITO films of the ITO glasses were removed and then a
dielectric/metal/dielectric (DMD) multilayer was thermally evaporated over
the glasses substrates. The DMD multilayer was composed of tungsten
trioxide (WOs3) and silver (Ag).

Figure 6.1 shows the semi-transparent electrode structure which consists

of one thin Ag film surrounded by WOs3 layers (WO3/Ag/WO3, WAW).

| Ag J
wo,
| J

Figure 6.1. Structure of the semi-transparent WAW electrode.

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

the glass substrates were carefully brushed with Hellmanex soap in deionized
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water solution and following they 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 to remove the remaining organics and to increase
their wettability.[188]

Secondly, the glasses substrates were positioned in a thermal evaporation
chamber (vacuum pressure < 5x3® torr, in an N»-filled glovebox) and diverse
WAW multilayers were thermally deposited over the glasses substrates. To
find the optimal structure of the WAW multilayer several semi-transparent
electrodes with Ag thicknesses varying between 8 nm and 14 nm were

studied (table 6.5).[254]

Number Conditions
1 W03 50 nm/Ag 8 nm/W0O3; 50 nm
2 W03 50 nm/Ag 10 nm/WO0O3 50 nm
3 W03 50 nm/Ag 12 nm/WO0O3 50 nm
4 W03 50 nm/Ag 14 nm/WO0O3 50 nm

Table 6.5. Conditions of the WAW multilayers proposed as semi-transparent
electrodes.

6.2.5 Nanostructured Perovskite Solar Cell Device Fabrication

To fabricate a nanostructured perovskite solar cell (nPSC) device, several
wBL-NAA substrates, prepared under identical conditions, with a nanoporous
film thickness of about 650 nm, were used as substrates. The TiO,-NPs,
CsFAMAPDIBr perovskite precursor solution and the spiro-OMeTAD solution
were deposited as is explained at the end of the section 6.2.3 (table 6.4).

Following, the wBL-NAA-TiO,-CsFAMAPDbIBr-spiro-OMeTAD substrates were
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placed in the thermal evaporation chamber and using a thin-film mask the
semi-transparent electrode was thermally deposited sequentially: WOs 50
nm/Ag 12 nm/WQOs3 50 nm. Afterwards, the thin-film mask was changed and
150 nm of Ag were thermally deposited. The effective active area of the

devices is 0.19 cm?.

6.3 Results and Discussion
6.3.1 Titanium Dioxide Infiltration

In this section, the results from SEM studies of the distinct TiO,-NPs
dispersion infiltrations are summarized and conclusions about the optimal
conditions to achieve a uniform pore bottom filling are obtained.

Initially, the dispersions number 1 (C =2 mg/mL), 3 (C=5 mg/mL) and 5
(C =10 mg/mL), employing a mixture of H,0:C,HsOH with a volume ratio of
1:1 were tested.

Figures 6.2 a), ¢) and e) display the top SEM pictures and figures 6.2 b), d)
and f) exhibit the EDX spectra of the wBL-NAA substrates infiltrated with TiO»-
NPs dispersions in H,0:C,HsOH (1:1) with a 2 mg/mL, 5 mg/mLand 10 mg/mL
concentrations, respectively. Inserted in each EDX spectra there is an
elemental mapping of the wBL-NAA-TiO; substrates.

From figures 6.2 a), ¢) and e) nanopores with different grey tones can be
distinguished. Some nanopores are black, others look cloudy and others are
grey. For C = 2 mg/mL [figure 6.2 a)] nanopores with distinct grey tones can
be seen, most of them are black and the nanopores circled by blue look
cloudy. While for C='5 mg/mL [figure 6.2 c)] and C =10 mg/mL [figure 6.2 e)]
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 6.2. a), c) and e) top SEM views and b), d) and f) EDX elemental analysis of the
wBL-NAA substrates infiltrated with different TiO,-NPs dispersions in H,0:CoHsOH
(1:1) with concentrations of 2 mg/mL, 5 mg/mL and 10 mg/mL, respectively, via spin-
coating deposition. There is a mapping inserted in each EDX spectra. The scale bars
are indicated in each picture.
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In figures 6.2 b), d) and f) the EDX elemental analysis demonstrates a
strong peak corresponding to the aluminium (Al) since the wBL-NAA
substrate base is aluminium. Two further peaks can be observed
corresponding to the titanium (Ti) whose intensity depends on the amount of
Ti. The mappings show the Ti distribution (therefore the TiO, distribution)
represented by the blue dots. For C = 2 mg/mL [figure 6.2 b)] the highest
concentration of blue dots in the middle of the picture can be seen. While for
C=5 mg/mL [figure 6.2 d)] and C = 10 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 in figure 6.2 f) is bigger than in figure 6.2 d).

The nanoporous layer thickness is about 1 um. The differences in grey
tone observed 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 the nanopores are almost filled (it means more than
500 nm and less than 1 um) they will be cloudy. If the nanopores are filled (it
is means 1 um or more) they will be grey. Taking into account the previous
comments, from figure 6.2 it can be learned the following:

For C =2 mg/mL [figure 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 in figure 6.2 b). The highest concentration of blue dots is in
the middle of the picture, this means that there is a high amount of Ti and
therefore TiO, within these nanopores.

For C =5 mg/mL [figure 6.2 c)] most of the nanopores are partially filled.
The mapping inserted in figure 6.2 d) exhibits how the blue dots are
distributed for all over the area, this means that the Ti and therefore TiOz s

homogeneously dispersed within the nanopores.
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For C = 10 mg/mL [figure 6.2 e)] the nanopores are filled with TiO2 In the
mapping inserted in the figure 6.2 f) there is a high concentration of blue dots
in all the area, this means that there is a high amount of Ti and therefore the
TiO; is filling the nanopores.

Figure 6.2 a) demonstrates a non-homogeneous TiO; distribution within
the nanopores since some nanopores are partially filled and others are not.
Figures 6.2 c) and e) display a distribution more homogeneous than figure 6.2
a) since most of the nanopores are partially filled and filled, respectively.

The results of this test show that to achieve a nanostructured TiO; layer
thickness below 100 nm homogeneously deposited on the whole wBL-NAA
area, dispersions number 1 (C =2 mg/mL) and 5 (C = 10 mg/mL) should be
discarded as they tend to have nanopores partially filled and filled,

respectively.
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A cross-section SEM of the wBL-NAA corresponding to the dispersion
number 3 (C = 5 mg/mL) was obtained to estimate the actual amount of
infiltrated TiO,. Figures 6.3 a) and b) display the cross-section SEM pictures
of NAA-wBL substrate infiltrated with a TiO2-NPs dispersion in H,0:C,HsOH
(1:1), with a concentration of 5 mg/mL. The blue arrows mark the TiO2. From
figures 6.3 a) and b) the nanostructured TiO; layer thickness was estimated

at 500 nm.

Figure 6.3. a) and b) cross-section SEM views of NAA-wBL substrate infiltrated with
a TiO,-NPs dispersion in H,0:C,HsOH (1:1) with a concentration of 5 mg/mL, via spin-
coating deposition. The scale bars are indicated in each picture and the TiO; is
marked by blue arrows.

Secondly, the dispersions number 2 (C =2 mg/mL), 4 (C=5 mg/mL) and
6 (10 mg/mL), employing a mixture of H,0:C,HsOH with a volume ratio of 1:3
were tested. Figures 6.4 a) and c) exhibit the top and figures 6.4 b) and d)
demonstrate the cross-section SEM pictures of the wBL-NAA substrates
infiltrated with the TiO,-NPs dispersions in H,0:C;HsOH (1:3) with a 2 mg/mL
and 5 mg/mL concentrations, respectively. The blue arrows are marking the

TiO2.
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In figures 6.4 a) and b) two zones can be distinguished. A zone in which
the nanopores are black and a zone in which there is a grey film on top of
NAA structure. While from figures 6.4 c) and d) only nanopores with a grey
colour can be seen. Following the same analysis as for the dispersions number
1, 3 and 5, for C = 2 mg/mL [figure 6.4 a) and b)] it can be seen as a high
portion of the nanopores are filled with the TiO,. For C =5 mg/mL [figure 6.4
¢) and d)] it can be observed as the nanopores are filled with the TiO,.

Comparing the pictures corresponding to C = 2 mg/mL [figure 6.4 a)] and
C = 5 mg/mL [figure 6.4 c)] in HO:C;HsOH (1:3) with the pictures
corresponding to C = 2 mg/mL [figure 6.2 a)] and C = 5 mg/mL [figure 6.2 c)]
in H;O0:CoHsOHOH (1:1) exhibit a similar TiO, distribution within the
nanopores. But, a difference in the nanopores filling can be noticed, figure
6.4 a) displays most of the nanopores filled while the figure 6.4 c) displays all
the nanopores filled, instead, figure 6.2 a) demonstrates most of the
nanopores partially filled and the figure 6.2 c) shows all the nanopores almost
filled.

This result can be caused by the fact that C;HsOH is more volatile than
H.0, consequently, C,HsOH evaporates faster than H,0. When the solution is
dropped on the substrate, if the droplet volume is smaller, evaporation will
take a shorter time and the solution has not enough time to infiltrate the
nanopores. Therefore, the TiO,-NPs will be covering the nanopores. In this
case, the substrates corresponding to the concentration of 10 mg/mL was not
characterized by SEM because employing the 5 mg/mL concentration
dispersion the nanopores are already filled. With these results, it can be
concluded that the most homogeneous TiO; distribution was achieved with

the number 3 dispersion: 5 mg/mL in H,0:C;HsOH (1:1). Nevertheless, the

134



UNIVERSITAT ROVIRA I VIRGILI
TOWARD NANOSTRUCTURED PEROVSKITE SOLAR CELLS BASED ON NANOPOROUS ANODIC ALUMINA TECHNOLOGY
Maria Del Pilar Montero Rama

nanostructured TiO; layer thickness is estimated at 500 nm, which is too
thick, since the aim is to achieve a nanostructured TiO; layer thickness below

100 nm.
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Figure 6.4. a) and b) top and c) and d) cross-section SEM views of the wBL-NAA
infiltrated with TiO,-NPs dispersions in H,0:C;HsOH (1:3) with a concentration of 2
mg/mL and 5 mg/mL, respectively, via spin-coating deposition. The scale bars are
indicated in each picture and the TiO; is marked by blue arrows.

Finally, dispersions number 7 (C = 3 mg/mL), number 8 (C = 1.5 mg/mL),
number 9 (C=1mg/mL)and number 10 (C=0.5mg/mL), employing a mixture
of H,0:CoHsOH with a volume ratio of 1:1 were tested.

Figures 6.5 a), b), c) and d) display the top SEM pictures of the wBL-NAA
substrates infiltrated with a TiO,-NPs dispersion in H,0:C,HsOH, with a
volume ratio 1:1 and with TiO,-NPs concentrations of 3 mg/mL, 1.5 mg/mL, 1
mg/mL and 0.5 mg/mL, respectively. In figure 6.5 nanopores with a distinct

colour can be distinguished. Some nanopores are black and others are grey.
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Following the same analysis as for the dispersions number 1 to 6, for C =3
mg/mL [figure 6.5 a)], C = 1 mg/mL [figure 6.5 c¢)] and C = 0.5 mg/mL [figure
6.5 d)], it can be seen as most of the nanopores are partially filled, on the
other hand, for C = 1.5 mg/mL [figure 6.5 b)] most of the nanopores are
almost filled. Figures 6.5 a), ¢) and d) exhibit a homogeneous TiO distribution
while b) demonstrates a no homogeneous distribution. Therefore, a cross-
section SEM of the wBL-NAA substrates infiltrated with C = 3 mg/mL, C=1
mg/mL and C = 0.5 mg/mL were obtained to estimate the actual amount of

infiltrated TiOs.

Figure 6.5. a), b), c) and d) top SEM views of the wBL-NAA infiltrated with different
TiO,-NPs dispersions in H,0:CoHsOH (1:1) with concentrations of 3 mg/mL, 1.5
mg/mL, 1 mg/mL and 0.5 mg/mL, respectively, via spin-coating deposition. The scale
bars are indicated in each picture.
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Figures 6.6 a), b), and c) display the cross-section SEM pictures of the
wBL-NAA substrates infiltrated with the TiO,-NPs dispersion in H,0:C;HsOH
(1:1) and with concentrations of 3 mg/mL, 1 mg/mL and 0.5 mg/mL
respectively. The blue arrows are marking the TiO,. From figure 6.6 a)
nanostructured TiO; layer thickness was estimated at 300 nm, which is still
too thick and from figures 6.6 b) and c) nanostructured TiO. layers
thicknesses were estimated lower than 100 nm. Also, TiO2-NPs are covering
the aluminium surface. As a consequence of the method to open the cross-

section for the SEM investigation.

Figure 6.6. a), b), and c) cross-section SEM views of the wBL-NAA infiltrated with
different TiO,-NPs dispersions in H,0:C,HsOH (1:1) with concentrations of 3 mg/mL,
1 mg/mLand 0.5 mg/mL, respectively, via spin-coating deposition. The scale bars are

indicated in each picture and the TiO; is marked by blue arrows.
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6.3.2 CsSFAMAPDIBr Perovskite Infiltration

To estimate the nanostructured CsFAMAPDIBr perovskite layer thickness
within the nanopores a line profile analysis of the wBL-NAA-TIO»-
CsFAMAPDIBr substrates was carried out.

Figure 6.7 a) shows an AFM picture of the wBL-NAA-TiO, surface
topography after the 1 M CsFAMAPbIBr solution infiltration. In figure 6.7 a)
three lines across NAA surface: a green, a blue and a pink one can be seen.
Each line is formed by a set of nanopores. Figures 6.7 b), c) and d) exhibit the
lines profiles analysis across the lines indicated in a). In figures 6.7 b), ¢) and
d) the highest (w1, w2 ...) and lowest (p1, p2 ...) points refer to the centres of
walls and nanopores, respectively. Therefore, remaining unfilled nanopore
depth can be estimated as the average of the subtraction of the highest and
lowest adjacent points, for example, wi-p1 or ws-ps.

From figures 6.7 b), c) and d) in an area of 10 um x 10 um, the average of
the unfilled nanopores depth detected by AFM tip is 535 nm, 220 nm and 397
nm, respectively. The average of these measured unfilled nanopores depth is
384 nm. Considering that the length of the nanoporesis 1 um and the height
of the TiO, layer previously infiltrated was estimated at 70 nm, the
nanostructured CsFAMAPDIBr perovskite layer thickness within the

nanopores is estimated at 546 nm.
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Figure 6.7. a) AFM picture (10 x 10 um) of a NAA-wBL-TiO,-CsFAMAPDIBr substrate
b), c) and d) line profiles analysis across the nanopores set of the green, blue and
pink lines indicated in a) respectively.

6.3.3 Spiro-OMeTAD Infiltration

To estimate the nanostructured spiro-OMeTAD layer thickness within the
nanopores, a line profile analysis of NAA-TiO,-CsFAMAPbIBr-spiro-OMeTAD
substrates was conducted.

Figure 6.8 a) shows an AFM picture of wBL-NAA-TiO,-CsFAMAPDIBr
surface topography after the 70 mM spiro-OMeTAD solution infiltration with
Ss1=2500 rpm. In figure 6.8 a) three lines across NAA surface: a green, a blue
and a pink one can be seen. Each line is formed by a set of nanopores. Figures
6.8 b), c) and d) display the lines profiles analysis across the lines indicated in

a).
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Following the same analysis as for the wBL-NAA-TiO,-CsFAMAPDIBr
substrates, the estimated remaining unfilled nanopores depth for Ss; = 2500
rom [figures 6.8 b), c) and d)] in an area of 10 pm x 10 um is 148 nm, 163 nm
and 145 nm, respectively. The average of the measured depths is 152 nm.
Considering that the length of the nanopores is 1 um and the height of the
layers previously infiltrated was estimated at 616 nm, the nanostructured

spiro-OMeTAD layer thickness within the nanopores is estimated at 232 nm.
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Figure 6.8. a) AFM picture (10 x 10 um) of a NAA-wBL-TiO,-CsFAMAPbIBr-spiro-
OMeTAD (Ss1 = 2500 rpm). b), c) and d) lines profiles analysis across a set of
nanopores of the green, blue and pink lines indicated in a), respectively.
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Figure 6.9 a) shows an AFM picture of the wBL-NAA-TiO,-CsFAMAPbIBr
surface topography after the 70 mM spiro-OMeTAD solution infiltration with
Ss; =1500 rpm. In figure 6.9 a) three lines across NAA surface: a green, a blue
and a pink one can be seen. Each line is formed by a set of nanopores. Figures

6.9 b), c) and d) display the lines profiles analysis across the lines indicated in

a).
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Figure 6.9. a) AFM surface topography image of NAA-wBL-TiO>-CsFAMAPbIBr-spiro-
OMeTAD (Ss2= 1500 rpm). b), ¢) and d) lines profiles analysis along the green, blue
and pink lines, respectively.
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For Ss, = 1500 rpm [figures 6.9 b), c) and d)] in an area of 10 nm x 10 nm
the estimated unfilled nanopores depth is 104 nm, 73 nm and 147 nm,
respectively. The average of the measured depths is 107.6 nm. Considering
that the length of the nanopores is 1 um and the height of the layers
previously infiltrated is estimated at 616 nm, the height of the spiro-OMeTAD

within the nanopores is estimated at 277 nm.

In summary, the nanostructured spiro-OMeTAD layer thickness obtained
in the substrates spin-coated at 2500 rpm and 1500 rpm are 232 nm and 277
nm, respectively. From figures 6.8 and 6.9 it can be seen as the nanopores
were not filled with the spiro-OMeTAD solution in any test. The
nanostructured spiro-OMeTAD layer should fill the nanopores and formed a
flat film which covers NAA surface. Although using Ss; = 1500 rpm [figure 6.8]
itis achieved nanopores more filled than using Ss1 = 2500 rpm [figure 6.9] the
nanopores were not filled yet. The nanostructured spiro-OMeTAD layer
thicknesses were not enough to fill the nanopores and cover NAA surface,
therefore it needs a thicker thickness of the spiro-OMeTAD layer. However,
the spiro-OMeTAD height should not be bigger than 300 nm, so wBL-NAA
with a nanoporous film thickens of 650 nm were tested. To check that the
nanostructured spiro-OMeTAD layer is not only filling the nanopores but also
is covering NAA surface, an AFM study of the wBL-NAA-TiO,-CsFAMAPDIBr-
spiro-OMeTAD substrates, with a nanoporous film thickness of 650 nm, was

carried out.
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Figure 6.10 shows an AFM picture of the wBL-NAA-TiO,-CsFAMAPbIBr
surface after the 70 mM spiro-OMeTAD solution infiltration, which was spin-
coated employing a Ss1 = 2500 rpm (2000 rpm/s) for 30 s. The nanopore
structure of NAA surface cannot be observed. This indicates that spiro-
OMeTAD has infiltrated the nanopores filling them and also has formed a film

over NAA surface.

-60.0
nm

Figure 6.10. AFM picture (10 x 10 um) of a wBL-NAA-TiO,-CsFAMAPDbIBr-spiro-
OMeTAD with a nanoporous thickness layer of 650 nm. The scale is indicated in the

picture.

6.3.4 Semi-Transparent Electrode Characterization

To find a highly conductive semi-transparent electrode the optical and
electric properties of the proposed semi-transparent electrodes were
studied. The measured average transmittance (Tavg), measured average sheet
resistance (Rsavg) and Figure-of-Merit (FoOM) values of the WAW multilayers
electrodes as a function of the Ag thickness (6ag) and the ITO substrate are

shown in table 6.6.
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N Conditions Tavg [%]  Rsavg [Q/sq] FoM [Q1]
1 WO3 50 nm/Ag 8 nm/WO3 50 nm 40 42.60 7.6

2 WO3 50 nm/Ag 10 nm/W0O3 50 nm 38 5.25 57.7

3 WO3 50 nm/Ag 12 nm/WO3 50 nm 44 2.67 139.1
4 WO3 50 nm/Ag 14 nm/WO0O3 50 nm 19 3.04 47.9

5 ITO 85 17 131.0

Table 6.6. T.,: measured average transmittance, Rsag: measured average sheet
resistance and FoM: Figure-of-Merit values of the WAW multilayer electrodes as a
function Ag thickness.

Figure 6.11 exhibits the optoelectronic characterization of the WAW
multilayers electrodes summarized in table 6.6 as a function of Ag thickness
(6ag). @) Transmittance spectra of the electrodes as a function of wavelength
(300-800 nm). For comparison, the reference glass substrate and the ITO
substrate were also included. b) Measured average transmittance (300-800
nm) and measured average sheet-resistance. c¢) Correlation between the
measured average transmittance, Ag thickness and measured average sheet-
resistance. d) Figure-of-Merit (FoM) of the proposed semi-transparent
electrodes. To evaluate and compare the performance of the different
electrodes tested and also compare them with the standard electrode (ITO)
it is needed to define a FoM. This FOM must take into account the
transparency and conductivity, which are antagonistic properties. To find the
optimal ratio between electrical and optical conductivity of WAW prepared
films, closely dependent on the 8ag, the electrical to optical conductivity ratio
[0bc/00p=185.5/Rsave*(Tavg /2-1)] used by Sepulveda et al.[255] was employed

as FoM relating Tavg and Rsayg.
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Figure 6.11. Optoelectronic characterization of WAW multilayer semi-transparent
electrodes as a function of Ag thickness (8ag) @) Optical transmittance spectra of the
WAW substrates, the reference glass substrate and the ITO substrate. b) Measured
average transmittance and measured sheet resistance. ¢) Correlation between the
measured average transmittance, the measured sheet resistance and Ag thickness.
d) Figure-of-Merit of the proposed semi-transparent electrodes.

Figure 6.11 b) shows the change in Tay (300-800 nm) and Rsay Of the
WAW multilayers as a function of 0ag. It is assumed that all thin-film layers
(regarding optics) are continuous film.[256] However, Ag films thermally
evaporated has a preference for island-like growth, due to the surface
diffusion of Ag atoms.[257,258] It is thought that Ag morphology to enhance
the optical transmittance since Ag light absorption is greatly increased when

the Ag layer has an island-like morphology.[259,260] It has also been studied
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that increasing dag results in a transition of the surface shape from islands to
a continuous film.[219]

From 6ag =8 nm to 6ag = 10 nm the Tavgvalue undergoes a small decrease,
from &ag = 10 nm to Sag= 12 nm the Tayg value experiences a small increase
and from 6ag = 12 nm to &ag = 14 nm the Tag value bears a major decrease.
The low transmittance at thicknesses less than 12 nm (6ag = 8 nm and Oag =
10 nm) originates from the discontinuous island growth of Ag, leading to
scattering losses at the interface of Ag with WOs.[261] However, the
transmittance decrease at dag above 12 nm is caused by the high reflectance
of the Ag layer.[261]

From Oag = 8 nm to dag = 10 nm the Rsayg value endures a major decrease,
from dag =10 nm to dag = 12 nm the Rsavg value goes through a small decrease
and from &ag = 12 nm to 6ag = 14 nm the Rsayg value has a small increase. The
Rsavg decreased from 42.6 ohm/sqg to 2.67 ohm/sq with the increase of Oag
from 8 nm to 12 nm and increase from 2.67 ohm/sq to 3.04 ohm/sqg with the
increase of dag from 12 nm to 14 nm.

These results indicate that the thickness of Ag plays a critical role in the
determination of Tayg and Rsavg. The substrate with an 6ag of 12 nm presents
the best optical proprieties with a Tayg of 44%. While the substrates with an
Sag of 8 nm, 10 nm and 12 nm have good electrical properties.[262]

Figure 6.11 c) displays the correlation between of Tavg, §ag and Rsavg. This
figure demonstrates that the optimal value is achieved when 8ag is 12 nm.

Figure 6.11 d) shows the FoM values. The FoM value increases with Oag
reaching a maximum value of 139.1 Q! at §ag = 12 nm and decreases to 47.9
Ot at 5ag = 14 nm. Therefore, the latter suggests that the WAW with at §ag=

12 nm should present the best performance as semi-transparent electrode.
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The FoM value of the WAW multilayer electrode with a 6ag of 12 nm is
superior to ITO. This is because the WAW multilayers have better electrical
conductivity and surface roughness than ITO, although its transmittance is

slightly lower.[263]

6.3.5 Nanostructured Perovskite Solar Cell Device

The current-density (J-V) characteristics of the best performing nPSC
device (pink line) under AM 1.5G irradiation in comparation with the nPSCs
fabricated in the previous chapter, are shown in figure 6.12. The primary
performance parameters values of the device in comparation with the nPSCs
fabricated in the previous chapter are summaries in table 6.7, open-circuit
voltage (Voc), short-circuit current density (Jsc), fill factor (FF) and power

conversion efficiency (PCE).
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Figure 6.12. J-V characteristics of the best performing nPSC device (pink line) under
AM 1.5G irradiation in comparation with the nPSCs fabricated in the previous
chapter.
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Purple Green Red Pink

Vo [V] 0.49 0.53 0.56 0.58

Jsc [mA/ecm?]  0.006 0.011 0.014 0.04
FF [%] 38 36 36 44

PCE [%)] 0.01 0.02 0.03 0.07

Table 6.7. Primary performance parameters values of the best-performing nPCS
device (pink) measured at 1 SUN A.M. 1.5 illumination (100 mWcm™) in comparation
with the nPSCs fabricated in the previous chapter. Voc: open-circuit voltage, Jsc: short
circuit current density, FF: fill factor and PCE: power conversion efficiency.

The changes produced in the structure of the nPSC device have resulted
in a slight improvement of the primary performance parameters values.
However, the results obtained are still too low in comparison with high-
efficiency PSCs. It may also be due to too morphological complexity of the
device and the absorbance of the anode. A preliminary study of the device
with CsFAMAPDIBr perovskite was conducted. We should carry out more
characterisation as a SEM study to compare both devices (chapter 5 and 6).

The effective active area of the devices was calculated with the area of the
illuminated device (0.19 cm?). However, alumina is an insulating material, it
should be taken into account to calculate the theoretical effective active area
of the devices. The porosity of alumina is about 10%[66]. So, the theoretical

density current and efficiency values can be corrected in a 10 factor.
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6.4 Conclusions

In this chapter, the possibility of infiltrating TiO2 nanoparticles from its
dispersion with an anatase crystalline form, to avoid thermal treatment
carried out in section 5.2.1, is demonstrated. Also, MAPbIs perovskite is
replacing by CsSFAMAPDIBr perovskite with good control of its height. The fact
that different materials, e.g., oxides (TiO2-NPs), hybrid organic-inorganic
(CsFAMAPDIBr), organics (spiro-OMeTAD) can be infiltrated within the
nanopores of wBL-NAA via simple deposition methods such as spin-coating
or drop-casted is corroborated. Besides, these materials can be infiltrated in
wBL-NAA with a nanoporous film thickness of about 650 nm is proved. The
use of a wBL-NAA with a nanoporous film thickness of about 650 nm permits
to deposit a smaller height of the spiro-OMeTAD layer, which filled the
nanopores and also level the rough NAA surface, thus reducing the possibility
of resistivity losses. In the same way as in chapter 5, various experiments to
find the optimal thickness of each nanostructured layer were conducted. The
best conditions to obtain the appropriate nanostructured layer thicknesses

of each material are summarized in table 6.8.

Material C[M] vd [uL] Ss [rpm] Ac [rpm/s] T [s]
TiO> 0.5 100 - - -
CsFAMAPbDIBr 1 100 4000 3996 45
s-OMeTAD 0.70 100 2500 2000 30

Table 6.8. Best solutions depositions conditions to obtain the appropriate
nanostructured layer thicknesses. C: concentration, Vd: deposited volume, Ss: spin
speed, Ac: spin acceleration, T: spin time.
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Furthermore, in this chapter, the improvement of the semi-transparent
electrode transmittance has also been studied. The results show that it is
possible to reduce the number of layers of the transparent electrode from 5
to 3 while maintaining a good figure of merit for the transmittance and the
electrical conductance. This reduction is especially significant as it permits to
reduce steps in the fabrication protocols, with the subsequentincrease in the
robustness of the design.

After these changes, the performance parameters values undergo a slight
increase. However, the current density and power conversion efficiency

values are still too low.
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In the following chapter, the general conclusions of the thesis and the
overall results achieved during this research are summarized. Future works

related to this research are also added.
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As is already explained, in this thesis, NAA-based nanotechnology is
expected to be applied to the manufacture of perovskite solar cells. For this
reason, first, the familiarization process with the manufacture and
characterization of NAA, as well as of high-efficiency PSCs, by known standard

methods were carried out.

When the manufacture and characterization of NAA with diverse
nanopore sizes is controlled, the alumina barrier layer that exists between
the aluminium and the bottom of the nanopores had to be removed, to take
advantage of the aluminium (base of NAA) as an electrical contact. A new
method for thick (more than 200 nm) barrier layer removal of NAA without
removing the aluminium substrate is studied and presented. This method is
based on a re-anodized step at a constant current density and chemical
etchings. After several tests at different constant current densities, we
demonstrate that the best condition for removing the barrier layer is to fix
the constant density current at 17.0 pA/cm? in the constant current re-
anodization step, using as electrolyte a solution of H3PO4 (1% wt.). The barrier
layer-free NAA formation allows the establishment of electric contact
between the aluminium of NAA substrates and the infiltrated materials within
the nanopores. While this method has been developed for NAA obtained with
HsPOa. electrolytes, it can be extended to NAA fabricated with different

electrolytes at high voltage anodization.

Once the manufacture of PSCs is also controlled, the infiltration of several
materials (those that form PSCs devices) within the nanopores of barrier

layer-free NAA is studied and achieved. The infiltrated materials can be
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oxides, hybrid organic-inorganic and organics, e.g., TiO2, MAPbls and spiro-
OMeTAD. We prove that they can be infiltrated via simple deposition
methods such as spin-coating. The material solutions concentration and the
different deposition conditions, e.g., spin speed, spin acceleration and spin
time and let controlling the height of the material infiltrates. Also, we
demonstrate that the height of each material is homogeneous among all the
nanopores. After several experiments at distinct conditions, we determine
that the best conditions to obtain the appropriate nanostructure layer
thicknesses of each material are summarized in table 5.4. Although the
obtained efficiency values are low, results show that this methodology
permits the preparation of fully working nanostructured perovskite solar cells
(nPSCs) using NAA as a enclosure. The low measured efficiency can be due to
several reasons. Such as possible bad contact between layers. The fact that
the spiro-OMeTAD layer is too thick since it can lead to resistivity loss. Also,
the semi-transparent electrode results in a low transmittance. Therefore,

optimization of the proposed nPSC should be carried out.

The infiltration of the materials that form the PSCs devices within the
nanopores (even with different nanoporous film thickness) of barrier layer-
free NAA via simple deposition methods such as spin-coating or drop-casted
is corroborated. As well as, the fact that we can control its height. Then
various trials at diverse conditions, we establish that the best conditions to
obtain the appropriate nanostructured layer thicknesses of each material are
summarized in table 6.4. Furthermore, we demonstrate that the number of
layers of the semi-transparent electrode can be reduced from 5 to 3 while

maintaining a good figure of merit for the transmittance and the electrical
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conductance, reducing the steps in the fabrication protocols, with the
subsequentincrease in the robustness of the design. After these changes, the
short circuit current density, open-circuit voltage, fill factor and power
conversion efficiency values undergo a slight increase. However, the current

density and power conversion efficiency values are still too low.

To summarised:

We have developed a novel method to remove the thick barrier layer
(>200 nm) in NAA without removing the aluminium base.

We reach to infiltrate different materials with good control of their
thickness and homogeneity among nanopores.

We achieve to establish an electrical contact between the aluminium and
the infiltrated material.

We achieve to use the aluminum base of NAA substrates as a back
electrical contact of solar devices.

We fabricated a novel type of nanostructured perovskite solar cell based

on nanoporous anodic alumina.

Despite several nanostructured perovskite solar cell devices based on
NAA technology were manufacture in this thesis, their power conversion
efficiencies values were very modest. Since the structure proposed in this
work is novel, a great number of experiments should be done, which could
not be done due to lack of time. So, this project opens a wide path for future
work, such as:

Analysis of the effects of nanopore diameter and nanopore thickness on

the performance of nPSCs.
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Study of the stability of the devices under temperature, radiation and
humidity over time.
Employ other perovskites such as lead-free perovskites to decreases the

ambient impact.

On the other hand, taking advantage of the fact that there is electrical
contact between the aluminium and the bottom of the nanopores, the barrier
layer-free NAA could be used as the template for manufacturing batteries or

super capacitors.

156



UNIVERSITAT ROVIRA I VIRGILI
TOWARD NANOSTRUCTURED PEROVSKITE SOLAR CELLS BASED ON NANOPOROUS ANODIC ALUMINA TECHNOLOGY
Maria Del Pilar Montero Rama

Appendixes



UNIVERSITAT ROVIRA I VIRGILI
TOWARD NANOSTRUCTURED PEROVSKITE SOLAR CELLS BASED ON NANOPOROUS ANODIC ALUMINA TECHNOLOGY
Maria Del Pilar Montero Rama

Appendix 1. Characterization Techniques

In this section, the characterization techniques used to characterize the
nanoporous anodic alumina substrates, the conventional flat and
nanostructured perovskites solar cells manufacture in this thesis are

described.

Scanning Electron Microscopy (SEM)

NAA structural characterization was performed using an environmental
scanning microscope (SEM FEI Quanta 600) operating under high vacuum
conditions. SEM pictures were analysed by Imagel software. SEM is the most
common technique use for analysing the microstructure of a solid specimen
since it can not only observe the surface but also the transverse, tilt and cross-
sections, as well as analyse the elemental composition by the energy
dispersive X-ray analysis. In a typical SEM setup, electrons are emitted from a
cathode filament toward an anode. A solid specimen surface is excited with a
highly-focused energetic beam of electrons. There are two types of electrons
used to produce an image in a SEM, secondary and backscattered electrons.
When the primary electrons reach the surface, they are inelastically scattered
by atoms in the specimen. These scattering events cause the primary beam
to spread and create emission of secondary electrons and X-rays. These
secondary electrons are detected and processed to generate an image of the

specimen structure.[264,265]
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Energy-Dispersive X-Ray Spectroscopy (EDX)

The materials infiltrated within NAA were chemically identified using a.
EDX is considered a tool for identifying the chemical composition of a
specimen. EDX analysis can give us information about the elemental
composition of a sample and the concentration of an element. SEM
equipment is often coupled with energy dispersive spectroscopy X-ray
diffraction, thereby enabling elemental composition analysis. When a
specimen is bombarding with a highly-focused energetic beam of electrons,
the electrons of the specimen deliver energy in the form of X-rays, these
energies are characteristic of the element which produced it. A detector

measures the characteristic X-ray energy and intensity of each element.[266]

Atomic Force Microscopy (AFM)

It is the most commonly used technique for surface topography analysis
as well as for the analysis of the mechanical, functional and electrical
properties of the specimen surfaces. Also, AFM can evaluate the degree of
ordering of the nanopores array, as well as NAA nanopores density and the
diameters and external shape of the nanopores. A typical AFM setup
comprises a silicon tip on a free-moving cantilever, commonly referred to as
the probe. The probe is brought close to the specimen surface, the force from
the specimen onto the tip causes the bending of the cantilever. This bending
is measured employing a laser beam focused on the top side of the cantilever.
The reflection of this beam is directed to a position-sensitive photodetector.
The bending of the cantilever causes a deflection of the laser beam that is

measured by the position-sensitive photodetector. With this technique, a
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height map of the specimen can be obtained by scanning the tip on the

surface. [265,267]

Profilometry

The thin film thicknesses of the different layers were obtained using a
Bruker DektakXT profilometer. Profilometry is a technique used to study the
step heights, surface morphology and roughness of a specimen. There are
two types of profilometers: stylus or optical. Stylus profilometers (employed
in this thesis) use a probe that contacts the surface. Height variations are
measured as either the stylus or the substrate is being moved. The
mechanical movements of the stylus are converted to electrical signals, which

are then amplified to give DC output signals. [268]

Basic Electrical Characterization

The most common method to characterize the photovoltaic performance
of PSCs, as well as their electrical properties, is the measurement of their
current density-voltage characteristics (J-V curve) in dark and under
illumination conditions. The J-V measurements for PSCs and nPSCs in which
the absorber layer was the MAPbI3 perovskite were carried out with a solar
simulator (Abet Technologies model 11000 class type A, Xenon arc) and a
Keithley 2400 Source-Measure Unit. The light intensity was calibrated to
AM1.5G standard conditions by an NREL certified monocrystalline silicon
photodiode. The J-V measurements for PSCs in which the absorber layer was
the CsFAMAPDIBr perovskite were carried out with a 4200SCS Keithley

system at a voltage swept speed around 50 mV/s in combination with an Oriel
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sol3A sun simulator, which was calibrated to AM1.5G standard conditions
using an Oriel 91150 V reference cell.

The sheet resistance (Rs) of the deposited layers was measured using the
four-point probe technique employing a 4200SCS Keithley system. It is an
apparatus for measuring the resistivity (sheet resistance) of semiconductor
specimens, particularly semiconductor thin films. It works by driving a current
through two outer probes which induce a voltage through the inner probes.
The voltage through the inner probes is measured allowing so the

measurement of the specimen resistivity.[269]

Optical Transmittance
The transmittance (T) was measured in the perovskites absorption region

(300-800 nm) using a Cary 100 Agilent spectrophotometer.

Ultraviolet-Visible Spectrophotometry

The ultraviolet-visible spectrophotometry (UV-Vis) is a technique used to
measure the structural and optical properties of a specimen. Electromagnetic
radiation hits the specimen and the amount of light absorbed (or transmitted)
by it is measured. The intensity of light that passes through a specimen
regarding the intensity of light through a reference substrate or blank is

measured.[270]

X-Ray Diffraction
The XRD measurement were obtained with using micro-X-ray diffraction
(u-XRD) measurements from a Bruker-AXS D8-Discover diffractometer

equipped with a parallel incident beam (i.e., Gobel mirror), a vertical 6-6
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goniometer, a XYZ motorized stage and with a general area diffraction system
(GADDS).

X-Ray diffraction is a technique for characterizing crystalline materials. It
provides information on structures, phases, preferred crystal orientations,
etc. X-ray diffraction peaks are produced by constructive interference of a
monochromatic beam of X-rays scattered at specific angles from each set of
lattice planes in a substrate. The peak intensities are determined by the

distribution of atoms within the lattice.[271]
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Appendix 2. Thin-Film Deposition Technigues

There are several thin-film deposition techniques but only those used in
this thesis are described. Drop-casting, spin-coating and thermal evaporation
techniques were used for typical conventional flat and nanostructured PSCs

devices manufacture.

Drop Casting

It is the most extensively used deposition technique due to the
outstanding advantages such as the facile process and no requirement of
specific equipment. It consists of a thin solid film formation by dropping a
solution on a flat surface followed by the solvent evaporation. This technique
is easy and fast.[272] In this thesis, the TiO, nanoparticles dispersions

prepared for fabricating nPSCs devices were deposited via drop-casting.

Spin Coating

It is the standard technique of thin-films deposition from a solution. This
technigue vyields films with relatively high uniformity and well-controlled
thickness. The solution-processed material is dropped on a rotating
substrate, where the centrifugal forces spread the solution on the whole
substrate surface and the volatile solvent is simultaneously evaporated due
to the speed spinning. [273] The thickness of the film highly depends on the
concentration and viscosity of the solution, the volatility of solvent, and the
angular speed of spinning.[274] In this thesis, the TiO,, MAPbIs and spiro-
OMeTAD layers for fabricating mesoporous PSCs and nPSCs devices were
deposited via spin-coating with a Laurel WS-400B-6NPP/LITE and WS-650MZ-
23NPP spin-coaters. The spin-coating depositions of SnO,, CsFAMAPbIBr and

spiro-OMeTAD layers for fabricating planar PSCs and nPSC devices were
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performed with Laurel WS-650MZ-8NPP. The perovskite film depositions
were carried out using the spin-coating technique via the solution-processed
single precursor and anti-solvent method.[275,276] First, a single perovskite
precursor is deposited over a substrate and it is spin-coated. A solvent is
poured onto the precursor perovskite film while the substrate is still spinning,
causing the salts to precipitate out of solution into a smooth, compact
film.[186,276] The most common solvents used are toluene, chlorobenzene,
and diethyl ether. The use of anti-solvents enhances crystallinity and allows

us to have better control of the perovskite morphology.[186]

Thermal Evaporation

It is a vacuum technology for thin-films deposition of pure solid materials
such as metals, non-metals, oxides, nitrides, and organic materials. In thermal
evaporation a high-current flow through a resistive evaporation source (so-
called filament or boat) made of metals, commonly tungsten or
molybdenum.[277] The evaporation source is located at the bottom of a
vacuum chamber (1 x 107 bar), whereas the target (substrate) is held
inverted on the top. The materials are heated to overcome their melting point
and form a vapour stream which is deposited on the surface of the substrate.
The vacuum chamber is located in a nitrogen-filled glove-box. In this thesis,
silver (Ag), gold (Au) and tungsten trioxide (WOs3) layers were thermally
evaporated under high vacuum in a thermal evaporator located in a Glove-

box, model MB20/MB200 from MBRAUN.
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