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Prologue 
 

 “[…] I would like to describe a field, in which little has been done, but in which 

an enormous amount can be done in principle. This field is not quite the same 

as the others in that it will not tell us much of fundamental physics (in the 

sense of, “What are the strange particles?”) but it is more like solid-state 

physics in the sense that it might tell us much of great interest about the 

strange phenomena that occur in complex situations. Furthermore, a point 

that is most important is that it would have an enormous number of technical 

applications. What I want to talk about is the problem of manipulating and 

controlling things on a small scale. […]” 

From: There’s plenty of space at the bottom 

Richard P. Feynman 

Caltech December 29, 1959. 

The seminar “There’s plenty of space at the bottom” held in 1959 by Richard 

Feynman,
1
 from which the text above was extracted, is considered the first 

lecture on nanoscience. It was the first time nanoscience was described as a 

new and independent field.  The pioneering and most remarkable aspect that 

made this talk a milestone in science and technology, was the fact that 

Feynman was the first to recognize and to join a set of phenomena under a 

common motive; they were all caused by a precise and small scale 

modification of their constituents. He also envisioned the general potential 

that a field in which the ability of “manipulating and controlling things on a 

small scale” would have been the source of advancement in a myriad of 

application.  

Nano-materials however dates back to the 4
th

 century A.D. when the Romans 

fabricated a glass cup, today exposed at the British museum (Lycurgus cup),
2
 

presenting peculiar optical properties that could change the colour depending 

on the incident light. It was only in the fifties’ that thanks to advanced 

characterization techniques such as  X-ray spectroscopy and transmission 

electron microscopy, gold and silver nanoparticles (and other materials) with 

characteristic size in the range of 50 nm were found to be responsible for this 

effect. The Damascus steel is another examples coming from the 13
th

 century. 
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It gained a place in the history for its exceptional strength, resilience and to 

its ability to hold a sharp edge. 
3
 Today it is known and its properties were 

due to the inclusion of carbon nanostructures. 

From observations of these and other phenomena, starting with the cited talk 

by Feynman, the scientific community has grown its awareness of the great 

potential that the science of the small can contribute to control fundamental 

material properties and perhaps to discover, and eventually control, 

phenomena that are yet to be observed. 

After decades of fundamental research, nanoscience is now leaping into 

nanotechnology. This fading transition is driven by the fact that advanced 

techniques allow to control and characterized materials and to fabricate 

devices with properties enabled by nanomaterials. More and more products 

have been developed with increasing complexity. The initial employment of 

nanomaterials in paints, toothpastes and sunscreens has now moved to 

complex systems such as sensors, electronics and energy conversion devices. 
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Abstract 

 
The work presented in this Ph.D. Thesis deals with the study of titanium 

dioxide hierarchical nanostructures fabricated by pulsed laser deposition 

(PLD) and some of their applications in the field of photonics. PLD technique 

is a bottom-up and room-temperature fabrication process that allows to 

transfer a material, evaporated through a focused pulsed laser beam, on 

another substrate. The process takes place within a vacuum chamber where 

the pressure is set-constant through the flux of a gas. The morphology of the 

transferred material can be engineered at the nano as well as at the micro-

scale. In the first part of the Ph.D. Thesis PLD process is described. With 

scanning electron microscopy (SEM), Brunauer–Emmett–Teller (BET) and 

Barrett-Joyner-Halenda (BJH) techniques, the material structure and its 

dependence on deposition conditions is studied. In a certain pressure range it 

is shown that columnar and hierarchical nanostructures are formed. These 

are formed by nanometric clusters attached to larger structures departing 

from a main elongated trunk. While the nanometric features comprised 

within these structures are adjusted through pressure tuning, it is observed 

that it is possible to achieve high density and high specific surface area. The 

two latter characteristics contribute to the increase in the ratio of the 

effective over geometric surface area (roughness factor, RF) as it is confirmed 

by specific measurements. Upon thermal treatment crystallization can be 

induced. It is shown that, during crystallization, an energy minimization 

process eliminates high energy crystal facets imposing an anisotropic crystal 

growth and leading to hyperbranched structures with crystals as long as 

several tens of nanometers. The crystallization process is directly studied by 

X-ray diffraction and Raman spectroscopy as it evolves in time and with 

increasing temperature. Once again the crystallization carries structural 

modifications, such as densification due to Ostwald ripening, that are studied 

through the above mentioned methods. A change in surface to volume ratio 

is observed and it is responsible for a densification of the top part of the films. 

Individual nanostructures collapse on each other creating a “dry mud effect” 

on the surface of the deposited material also visible as micrometric cracks. 

The size of these is shown to be dependent on nanostructures height and 

density. As the morphology changes the effective refractive index of the 
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deposited film is affected. The latter characteristic coupled with the control 

over the deposition process gives the possibility to tune the photon-material 

interaction.  In the second part of the Ph.D. Thesis it is shown how 

hyperbranced titanium dioxide can be employed to manage photon flux 

within photovoltaic devices, namely dye sensitized solar cells (DSCs). PLD 

nanostructures are shown to work as broadband light scattering elements 

and to enhance the DSC optical thickness. Long range anisotropic crystallinity 

improves charge transport. More efficient charge photo-generation and 

collection result in better photovoltaic performances. The optimization 

leading to this improvement is tested in systems with liquid electrolyte and 

solid polymeric hole transporting materials demonstrating how these 

structures can be beneficial for both systems. PLD versatility allowed the 

fabrication of a monolithic multi-stack of hyperbranched TiO2, hierarchical 

Al2O3 and porous ITO. This multi-layered structure, once loaded with dye and 

infiltrate with a redox electrolyte is shown to work as efficient monolithic DSC 

with the same outstanding opto-electronical properties shown by the two 

above mentioned systems. The possibility of creating multi-layered 

structures, coupled with the periodic modulation of the effective refractive 

index, enables PLD as a tool for fabricating hierarchical one dimensional 

photonic crystals. The high surface area and interconnected porosity give to 

these photonic nanostructures advanced functionality envisioning optical 

sensors and other application in the field of optoelectronics. By physical 

masking it is possible to create pixels matrix as large as few microns paving 

the way to possible applications in the field of active matrix displays. 

Hierarchical photonic nanostructures are used to modulate photon flux with a 

DSC system decoupling the colour of the pigment used for the photovoltaic 

effect to the one of the overall device. Eventually, the fine control over PLD 

nanostructure morphology is employed to study transparent 

ultrahydrophobic materials thought to be useful for those application 

requiring self-cleaning properties. 
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Chapter 1 

Introduction to titanium dioxide 

nanostructures 
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Titanium dioxide  

 
Titanium dioxide, also known as titania, has been widely used in sunscreens,

4
 

pigments
5
 and paints

6
 since its commercialization in the early ‘20s. It is a 

metal oxide with a chemical formula TiO2. Among its many advantages 

includes: a wide band-gap (rutile 3.0 eV and anatase 3.2 eV), high refractive 

index, high dielectric constant, as well as being inexpensive, abundant and 

non-toxic. 
7
 Since 1972 when Fujishima and Honda published their work on 

the mechanism of water splitting  through the UV irradiation of TiO2
8
, titania 

has been widely investigated by the scientific community.  Its outstanding 

properties, coupled with the possibility to manipulate its structure to make it 

interact with host materials such as other smaller band-gap semiconductors 
9
 

or dyes, 
10

  led to the many application in the fields of photocatalysis,
11

 

photovoltaic
12

 and sensors. 
13

   

It is clear that despite its interesting optical, electronic and structural intrinsic 

properties, nanoscience and nanotechnology are enabling its usage in a 

broader set of fields.
14

 Size, shape and atomic configuration of nanomaterials 

are affecting their chemical and physical properties. Within nanomaterials, 

electron and holes move governed by quantum confinement and the 

transport of phonons as well as of photons can be controlled. 

The surface-to-volume ratio can be precisely and broadly tuned boosting the 

number of reactions that exploits interfacial regions and enabling a wide set 

of technologies. 

The methods used to synthetize titania nanostructures are many and can be 

incrementally combined to obtained more complex structures: 

 

Sol Gel method Hydrothermal method Physical vapour dep. 

Micelle method Direct oxidation 

method 

Electrodeposition 

Microwave method Chemical vapour dep. Sonochemical methods 

 

A complete review on the above mentioned methods can be found on 

reference 15. In the next paragraphs the structural, optical and electronic 

properties of titanium dioxide will be briefly described. Eventually a brief 

overview of TiO2 nanostructures for photovoltaics and photonic applications 
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will be given. As the main application described in this thesis, as many other, 

involve the use of anatase, the focus will be on the properties this allotropic 

phase. 

Structural and electronic properties  

Anatase has a ditetragonal dipyramidal crystal structures resulting in twelve 

atoms and therefore four molecules per cell. Each titanium (Ti
4+

) atom is 

surrounded by six O
2- 

atoms. Titanium is coordinated to six oxygen atoms and 

oxygen is coordinated to three titanium atoms. The resulting crystal structure 

of anatase TiO2 are depicted in Figure 1.  

 

 
Figure 1 (a) Anatase TiO2 crystal structure. Grey titanium atoms and red 
oxygen atoms. (b) Crystal shape of anatase TiO2.

16
 

 
The dipyramidal crystal shape is a result of a minimization in the surface free 

energy of the crystal facets. This is in turn related to the atomic arrangements 

of the facet itself. The 001 facet possesses a higher density of 

undercoordiantated titanium atoms compared to the 101 facet. 
16

 The 

average surface energy of 001 and 101 facets were calculated to be 

respectively 0.9 and 0.4 J/m
2
. 

17
 Several studies were performed to control 

crystal facet exposure and thus material reactivity. 
16, 18, 19

  Despite rutile has 

always been regarded as the most stable crystal phase, the differences in free 

energy (~10  kJ/mole) between the three phases suggests that at normal 

pressures and temperatures also anatase is stable.
20

 In anatase the 

octahedral units are slightly distorted resulting in a lower symmetry that 

effect material density and electronic properties. Each octahedron shares 

four corners and four edges and is thus coordinated with eight other 
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octahedral structures. As studied by Jao van de Lagemaat et al. 
21

 this 

coordination number is decreased in the case of nano-porous materials 

reaching values of 3 for porosity higher than 80 %. Several applications are 

benefitting from the higher surface reactivity given by the low coordination 

number characteristic of nanostructured materials.
22

 The total and the ion 

decomposed electronic density of states, showing the 3.2 eV indirect band-

gap of anatase, are reported in Figure 2.  

 
Figure 2 Electronic structure of anatase. 

23
 

Optical properties  

In large band-gap indirect semiconductors light absorption is allowed only for 

photons with energy hν≥Eg+Wc (where Eb is the energy gap and Wc is the 

conduction band width). 
15

 In the specific case of titania, the band-gap above 

3 eV allows absorption only in the UV region for wavelength below 350 nm. 

Below the transmission spectrum of a compact 100 nm thick TiO2 fabricated 

by pulsed laser deposition is reported. 

 
Figure 3 Transmittance spectrum of 100 nm thick compact film of titania 
anatase. 
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While energy gap determines the threshold energy required for a photon to 

be absorbed, the refractive index (n) represents another fundamental 

physical quantity related to the transparency of the material. 
24

 T.S. Moss in 

1951 proposed an experimental relationship based on previous studies for 

which the product between n
4
 times the energy gap was constant and equal 

to 95eV. 
25

 Since then a number of values and model have been proposed.
26

 

As the energy gap is changing with crystallinity, the refractive index was also 

found to depend on the annealing temperature.
27

 Anatase refractive index 

was measured by ellipsometer spectroscopy.
28

 The dispersion relations of the 

real and imaginary components of the refractive index are reported in Figure 

36. 

Titanium dioxide nanostructures for dye sensitized solar 

cells 
The possibility of modifying titanium dioxide morphology has boosted its 

potential applications. In particular, in the field of photovoltaic, titanium 

dioxide nanostructures have been used as scaffold material for dye molecules 

in dye sensitized solar cells (DSCs). These photovoltaic devices exploit the 

exciton formation occurring into the molecules of a dye chemisorbed onto a 

thin film of titanium dioxide upon light irradiation. Titanium dioxide has the 

role of hosting as many dye molecules as possible in order to maximise the 

charge generation and to favour charge transport once the electron is 

injected into it after exciton splitting. For a more detailed explanation of DSC 

working principles the reader is addressed to the application section. Below 

an overview of the main titanium dioxide nanostructures employed in dye 

sensitized solar cells.   

Mesoporous nanoparticles 

A mesoporous film comprising a random network of 20 nm large 

interconnected anatase nanoparticles is the standard choice for several 

applications due to their high specific surface area. For instance large uptake 

of dye molecules allow for high charge photogeneration in dye sensitized 

solar cells.
29

 Besides working as dye scaffold and guarantee high optical 

absorption, anatase titania is the allotropic phase found to be the most 

efficient in terms of electron injection and transport.  While this mesoporous 
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film, firstly introduced by Grätzel, was kept as standard reference, several 

architectures have been exploited to study the effects of morphology on the 

opto-electronic and photovoltaic performance of the device. As the first 

charge recombination phenomenon is due to electron trapping at the 

nanoparticle interconnection
30, 31

, always increased interest is gained by 

elongated structures that offer a preferential pathway for electron transport 

minimizing nanoparticle-nanoparticle interfaces. 

Nanotubes 

Nanotubes are high aspect ratio hallow structures usually obtained by anodic 

etching. They offers vertical channels that allow dye and hole transporter 

infiltration.
32

 The specific surface area is limited by their one dimensional 

structure. Nanotubes were used in the fabrication of DSCs with promising 

results. A complete review can be found at reference 33. To increase the 

surface area and therefore the dye loading, a bamboo-like array of nanotube 

was synthetized by changing cyclically the anodization voltage.
34

 Nanotubes 

are obtained with a top-down approach, starting from a titanium sheet. For 

this reason, they are commonly seen as not applicable to transparent 

substrates. Recently however they were successfully anodized on flexible, 

light and transparent substrates making their application particularly suitable 

for photovoltaic and even portable applications.
35, 36

 

 

Figure 4 a) Nanotubes of TiO2 and b) nanotubes bamboo-like for increasing 

surface area. 
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Nanowires and Nanorods 

Nanowires present analogous characteristics of the nanotubes i.e. high but 

limited surface area and, due to their elongated shape favouring vectorial 

transport, good electron transport. Law M. et al. (2005) 
37

 estimated that the 

electron diffusivity of a single TiO2 nanowire (D=0.05-0.5 cm
2
s

-1
) is several 

hundred times larger than highest electron diffusivity for simple TiO2 

nanoparticles.
38

 Dye-sensitized solar cells were fabricated using both an 

ordered array of nanowires 
37, 39

 and a randomly assembled mesh.
40

 In the 

first case nanowires are synthetized by hydrothermal treatment onto a FTO 

coated glass. In the latter case a colloidal suspension of nanowire was 

deposited on the substrate forming a thick nanorods mesh and resulting in an 

extremely rough surface. DSCs were fabricated using iodide-based redox 

mediator and sensitized with N719 dye leading to an efficiency of over 6.4%.
41

  

 

Figure 5 (left) Aligned Nanorods and (Right) Nanorods mesh. 

Nanotrees and other 3D nanostructures 

Quasi-one dimensional hierarchical structures are promising alternatives to 

the above solutions in order to fulfil the requirements previously highlighted, 

i.e. higher specific surface area to increase the active sites available for charge 

photogeneration, few inter-particle interfaces to avoid charge recombination 

and rough surface to enhance the light harvesting properties both through an 

increase in the chemisorbed dye and, through a more efficient light 

management given by the elements forming the film being large on the same 

order of magnitude of the incident light wavelength. Single hierarchical post 

can in fact scatter the light and enhance the optical path within the 

200 nm 



21 

 

photoactive layer. In this field nanotrees have shown interesting results as 

reported by F. Di Fonzo et al. (2010)
42

. Different densities and porosities, 

obtained by tuning the physical and chemical experimental conditions
43

 , have 

been studied for their applications as photoanode in liquid electrolyte dye-

sensitized solar cells and a trend in generated photocurrent and efficiency 

was found upon nanotrees morphology modification.
44

 Just recently S. H. Ko 

et al. 
45

 presented a hierarchical architecture tree-like vertically aligned for 

high efficiency dye-sensitized solar cells. The nanotrees were grown using a 

hydrothermal growth approach. 

 

Figure 6 Hierarchical titanium dioxide nanostructures by pulsed laser 
deposition 

Modified nanostructures for DSC 

In the case of one dimensional materials to overcome the issue related to the 

low specific surface area nanowires 
46

 were decorated with smaller 

nanoparticles leading to a significant increase in the overall efficiency 
47

 from 

1.58% to 4.24% and stressing further on the crucial role played by the high 

specific surface area. 

Reducing charge recombination is important to enhance the photogenerated 

current and the open circuit voltage. For this purpose a core-shell 

morphology has been adopted by applying a barrier layer around the 

mesoporous structure. This shielding is done to retard the back electron 

transfer and therefore requires that the shell material has a more negative 
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conduction band compared to the core material. Materials such as Nb2O5, 

Al2O3, SnO2 or SrTiO2 have been tested. Nb2O5 gave better result with an 

increase in photocurrent, open circuit voltage and fill factor leading to an 

overall efficiency increase of 37%  
48, 49

.  

Another method for light conversion energy devices, reviewed in by Linic S. et 

al. (2011)
50

, exploits the plasmonic effect by decorating the mesoporous 

substrate with noble metals nanoparticle to enhance the photocatalytic 

efficiency of titanium dioxide and the electron injection. Significant 

improvement of over 25% were reported using silver nanoparticles thanks to 

surface plasmon resonance.
51

 This technique has been also combined with 

the core-shell technique described above for the fabrication of dye-sensitized 

solar cells with a remarkable beneficial effect in terms of short circuit current 

density and overall efficiency 
52

. 

Aim of the Work 

 

In this Thesis the aim is to study how it is possible to tailor the structure of 

quasi-1D nanomaterials by physical vapour deposition to obtain useful 

materials in the field of photonic. In particular titanium dioxide, fabricated by 

pulsed laser deposition (PLD), and its morphological properties is studied. In 

the next chapter (Nanostructured materials by pulsed laser deposition) it is 

shown to what extent titanium dioxide morphology can be controlled by 

tuning experimental parameters in PLD set-up. The understanding and control 

over material properties is shown to be crucial for several photonic 

applications as it is shown in the chapter entitled Application of 

nanostructured titanium dioxide.
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Chapter 2 

Nanostructured materials by pulsed 

laser deposition 
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Pulsed laser deposition  

Pulsed laser deposition (PLD) is a physical vapour deposition technique and it 

is in first approximation a simple method that involves the collection of the 

material ejected from a solid target irradiated by a pulsed laser. It allows 

transferring the stoichiometry of the source material on thin films that can be 

digitally controlled in thickness and density by tuning laser radiation and 

ambient conditions. The pulsed laser is focused within a vacuum chamber on 

the target material that absorbs photons and that is rapidly heated. Above a 

threshold laser power density, which depends on laser wavelength and on the 

physical-chemical characteristics of the target material, the target melts and 

eventually vaporizes. At this stage the strong electromagnetic radiation 

carried by the laser is coupled with the electrons of the target materials and a 

plasma is formed due to dielectric breakdown. 
53

 The plasma containing 

neutrals, ions, electrons and clusters expands away from the target along the 

major density gradient (between the melted material and the outer 

environment). 
54

 The expansion of the so called plasma plume, projects the 

ablated species at supersonic velocity. 
55

 After colliding among themselves 

and with the ambient gas they impact on the substrate that is placed face-on 

to the irradiated target material. Within a broad cone of angle acceptance the 

direction of the plasma plume expansion was shown to be perpendicular to 

the target. 
56

 

 

Figure 7 a) the laser is absorbed by the target material that is heated. b) The 
materials reach its melting temperature and a plasma forms on the surface. 
c) The plasma is accelerated away from the target due to density gradient. 
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d) The clusters contained in the plume meet a pressure front and reach the 
samples.  

The pulsed nature of the deposition by PLD allows the control of the cluster 

diffusivity on the surface and other kinetic parameters. The laser pulse, in 

many cases few tens of nanoseconds long, initiates a plasma of ablated 

clusters that lasts for several microseconds. The actual deposition of the 

ablated material, when nucleation and growth takes place, instead occurs for 

a longer period of time between two pulses.
57

 

 

Figure 8 Schematic of pulsed laser deposition time evoultion 

The plasma plume dynamics and the ablated species kinetics are determining 

the characteristics of the thin film formation. They involve diverse and 

interconnected phenomena and are affected by laser fluency, pulse duration, 

laser wavelength, target material properties and background gas composition 

and pressure. The deposited thin film possesses the typical thickness contour 

of thermal evaporated thin film (cosθ) with a more peaked deposit. The 

profile can be fitted with a cos
n
θ, with 4 < n < 15. 

58, 59
 In the set-up used for 

the work object of this thesis, an KrF excimer laser, Coherent COMPexPro 

200, (λ = 248 nm, pulse duration ~ 20 ns, maximum energy per pulse 700 mJ) 
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is focused by a 500 mm focal distance lens and directed through a quartz 

window in a vacuum chamber. The chamber is equipped with a vacuum 

system comprising a scroll pump and a turbomolecular pump that allow base 

vacuum in the order of 10
-3

 Pa. Through an inlet connected to MKS mass flow 

meters the chamber can be fluxed with any gas and the working pressure can 

increased from the base pressure and can be kept constant up to several 

hundreds of Pascals. The pulsed excimer laser is impinging on a target of the 

source material. 

 

Figure 9 Schematic of the pulsed laser deposition set-up used in this thesis 

The target is attached to a motion system connected through gearing to step-

motors with magnetic liquid rotary sealing mechanism allowing fast 

movements. This prevents the laser to hit twice the same target spot 

reducing defects in the thin film formation. The movement is controlled by a 

custom made LabView software that impose a Archimedean spiral motion 

with a vertical translation to the target. Samples are place face-on to the 

target and the target to sample distance can be regulated from 0 to 250 mm. 

The sample holder is shifted off-axis with respect to the plasma plume and it 

is rotated (10 rpm) in front of it to increase the deposit uniformity. The 

tangential velocity of the samples with respect to the plasma plume is 2 cm 

per second. This way the area of uniformity is enlarged as schematically 

explained in the figure below. As previously mentioned, the characteristics 
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(namely the morphology and the stoichiometry) are strongly affected by 

several factors. In this work the pressure of the gas present in the deposition 

chamber was used to tune the ablated species kinetics and in turn 

morphology. 

 

Figure 10 Thickness contour of the deposit (left) in the case of off-axis 

substrate movement and (right) in the case of centered substrate placed 

statcily in front of the plasma plume. 
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Titanium dioxide 

Morphology and structural modification versus deposition background gas 

pressure 

Controlled clustering and landing 

The species ablated from the titanium dioxide target by the excimer layer, 

condense on the sample that are placed face-on to the expanding plume. A 

thin film is formed. The background gas is varied to induce clustering in the 

expanding plume, as described in the methods section. This is in turn affects 

the kinetic energy and the deposition mechanisms of the nanoparticles. As a 

consequence the pressure modulation controls the morphology of the 

deposit. In particular, in certain processing window, 
60

 the ejected  clusters 

scatter on themselves and on the working gas, causing a reduction in their 

energy and a self-assembling in quasi-1D nanostructures. These are ordered 

in an array perpendicular to the surface of growth. Their typical diameter is in 

the range of hundreds of nm and their heights can be digitally controlled by 

setting a specific number of pulses (i.e. deposition time). 
61, 62

 Film obtained at 

different background pressures are shown below. 

 

Figure 11 TiO2 film deposited by pulsed laser deposition at 2, 5 and 20 Pa in 
oxygen. 

As briefly described in the previous paragraph (Pulsed laser deposition) in this 

Thesis, the sample holder is place of axis with respect to the plasma plume 

and it is rotated to induce a linear velocity of the samples passing in front of 

the deposition area. Besides increasing the area of uniformity from few 

square millimeters to few square centimeters, this process allows access to a 

new growth mode that permit to obtain, even at lower pressures, dense and 

high surface area photoanodes, while maintaining the hierarchical structure. 
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Since the deposition angle at each point of the sample is continuously 

changed by the substrate rotation, a self-shadowing effect, that is naturally 

occurring in PLD high pressures process where high porosity film are formed, 

occurs also at lower pressures. For this reason the density that characterizes 

low pressure deposits can be coupled to the typical porosity of hierarchical 

nanostructures. This growth mechanism resembles the one of Glancing Angle 

Deposition. 
63

 However the need of high tilt angles and of sophisticated 

substrate motion control is no longer in place as a simple rotation suffices.  

 

Figure 12 (Left) a film of TiO2 deposited at 7 Pa in an oxygen atmosphere 
moving the samples with respect to the plasma plume with a linear velocity 
of 2 cm/s and (right) a deposit of titanium dioxide obtained in the same 
condition as the former one but keeping the sample in a static condition. 

In sum, the working gas pressure within the deposition chamber is used as 

primary morphology control parameter while the substrate rotation extends 

towards lower pressures the process window where it is possible to obtain 

hierarchical structures. In fact, similarly to previous works,
64, 65

 with a 

stationary substrate holder, the background gas pressure at which the 

transition between low (dense) and high (hierarchical) surface area titanium 

dioxide films is set around 10 Pa in O2. This is due the kinetic energy of the 

expanding species and reduced self-shadowing effect. In the case where the 

substrate is moved, the transition from dense to porous film shifts around 5 

Pa, and at 7 Pa the film is already hierarchical. The rotating substrate lowers 

this threshold and the dense hierarchical structures are obtained down to 6 

Pa. For very high pressures, the ablated species scatters among themselves 

and with the background gas molecules and form large clusters in gas phase. 
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These, diffusing through the background gas to the substrate, form highly 

disordered materials typical of low energy deposition processes.
66

 This 

becomes clear looking at the opposite trend followed by the films density and 

their respective specific surface area (SSA) values measured by Brunauer–

Emmett–Teller (BET) and by Barrett-Joyner-Halenda (BJH) technique and 

reported in Figure 13 below (see methods). 

 

 
Figure 13 Specific surface area of film deposited at different pressure and 
their respective densities. 

The SSA increases meaning that an higher surface to volume ratio is present. 

This is also due to more disordered structures as well as to an increase of 

voids that exposes material surface (lower density). The way nanoclusters are 

packed together is therefore changed. While the morphology of the film 

across thickness is affected as shown in the cross sectional SEM images, its 

surface is also modified. As reported in literature,
67, 68

  the surface roughness 

is increasing with deposition pressure. This feature reflecting the disordered 

nature of films deposited at high pressure is also confirmed by AFM 

measurements reported below. For experimental consistency AFM 

measurements are performed on thin samples having the same thickness of 

100 nm. Thickness is chosen to be low in order to reduce possible secondary 

effects arising at higher scale that could perturb the surface roughness. The 

scan area is chosen small enough to rule out possible defect occurring on 
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higher length scales. It is therefore now clear that during deposition, ablated 

atoms, aggregate in clusters upon scattering within themselves and with the 

background gas molecules. 

 
Figure 14 Roughness (RMS) measurements by atomic force microscopy 
performed on 100 nm thick samples deposited at different pressure by 
pulsed laser deposition 

At low pressure their energy allows the reorganization in compact and dense 

films while at high pressure the nanostructures composing the film are 

disordered and rare. More importantly there is a pressure range between 

these conditions where dense but still nanostructured morphology is present.  

Morphology and structural modification due to thermal annealing 

The Full changes the Void 

In the previous section was described how the morphology can be 

determined on flight, by the ablated species aggregation after ablation and by 

the nanocluster kinetic energy once they have reached the sample substrate. 

In other words, the atoms arrangement is in that first stage controlled by 

controlling their kinetic energy throughout the plasma plume expansion and 

during its recondensation on the substrate. Once nanostructured films are 

formed, they are characterized by titanium dioxide in its amorphous phase 

and no kinetic energy is leftover. To further arrange the atoms with the quasi 

1D nanostructures additional energy has to be provided. Thermal energy can 

be provided through thermal treatments to further reorganize the atoms into 

more stable or even crystalline structures. In the specific case of titanium 

dioxide, it is known that upon thermal treatment, above 350-400 °C 
25

 the 
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thermal energy is enough to permit the reorganization of atoms into a 

polycrystalline anatase matrix. To investigate the consequence of 

nanostructure crystallization on PLD nanostructures, a 2 hours thermal 

treatment at 500°C in air is used as first annealing condition. With this 

process, which ensures titanium dioxide crystallization, the morphology 

change of samples deposited at different background gas pressure is 

investigated. From BET analysis, it is clear that the atoms, reorganized into 

crystals and thus changing their surface to volume ratio, lead to a reduction in 

specific surface area (Figure 15). As previously discussed for amorphous 

materials, the density is still decreasing with pressure. With this in mind, in 

order to account for this opposite trend in the description of the material and 

of its surface it is worth to introduce a parameter that can describe the 

surface area accounting for the density of the material. The sample effective 

surface area in this case represents a straightforward figure of merit to 

determine the amount of area that can be exposed to the outer environment 

in a unit volume (sample geometric area over its film thickness). This is the 

roughness factor per unit thickness (RF), i.e. the ratio between effective and 

geometric surface area per unit of film thickness. It is affected simultaneously 

by the specific surface area (area per unit weight) and by the material density 

that determines how much material per unit volume is present. As briefly 

mentioned above, in the case of pulsed laser deposition materials, the 

quantity of surface per unit volume increases with the specific surface area as 

long as the density becomes too low. 
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Figure 15 Reduction in SSA of samples as deposited and after 2 hours 
thermal annealing at 500°C in air. 

At that point despite the increase in SSA, the quantity of material present in 

the considered volume will be very low and overshadows the increase in SSA. 

In Figure 16 the RFdye measured directly by chromatographic analysis of the 

dye (N719) desorbed from the surface (see methods) is compared with RFBET 

obtained multiplying the density and the SSA measured by BET method. 

 

 
Figure 16 Roughness factor (RFdye) measured by chromatografic analysis and 
(RFBET) calculated from BET measurements. 

RFdye is expected to be always lower than RFBET since, due to the large 

difference in probe size, dye and N2 respectively, not all the surface accessible 



35 

 

to N2 is accessible to the dye. The PLD nanostructures are characterized by a 

porosity comprising: (i) channels between the elongated nanostructures, (ii) 

voids between branches that are radially departing from the main vertical 

structures and (iii) eventually inter-particles spaces. While micrometric pores 

are clearly visible in the cross-section SEM images, nanometric pore size 

distribution is reported in Figure 17. Black curves show the pore size 

distribution of as deposited samples. As the pressure increases, the overall 

porosity (area underneath the curves) increases and the curve broaden 

towards larger pores diameters. From the graphs in Figure 17, it becomes 

clear that as the samples are treated at 500°C (i) the distribution peak moves 

to larger pore diameters and (ii) the overall pore volume (i.e the integral of 

the curves.) diminishes. As expected the atoms reorganize in bigger clusters 

(or crystals, as it will be shown further on) completely changing the pores 

configuration.     

 
Figure 17 Pore size distribution for four samples deposited at different 
background gas pressure before (black) and after (red) thermal treatment. 
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The smaller pores are suppressed and the overall porosity is decreased as 

shown in Figure 18 right-hand side possibly due to suppression of inter-

particles nanometric voids. 

 

Figure 18 Values calculated from the BET analysis. (Left) Average pore 
diameters and (Right) overall pore volume density for samples deposited at 
different pressure before and after thermal treatment 

On the contrary, but exactly for the smaller pores elimination, the average 

pore size is augmented. As it could have been expected, materials deposited 

at higher pressures do show a larger transformation especially regarding the 

overall pore volume. Indeed as the deposition pressure increases the 

nanostructures become more complex and their consequent reorganization is 

more significant.  

Rearranging atoms in different nanostructures  

The X-ray diffraction (XRD) after two hours thermal annealing at 500°C 

spectra of TiO2 films are as shown in Figure 19. As expected given the 

annealing temperature, the titanium dioxide has turned in the anatase 

allotropic phase. More interestingly, the peak intensity ratio of (004) to (101) 

in XRD spectrum of anatase is equal to 1.19, 0.56 and 0.33 for the samples 

deposited at 7, 10 and 20 Pa that. These values if compared to the value of 

0.20 relative to crystalline powder, are a clear indication of the preferential 

growth along the [004] direction.
19

 The preferential growth along the c axis 

shown by XRD analysis is increasing with increasing film density (i.e. 

decreasing deposition pressure). 
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Figure 19 X-Ray diffraction spectroscopy for nanostructured samples 
showing high porosity and hierarchical nanostructures 

The anisotropic growth along [004] is thought to be a phenomenon arising in 

order to allow the achievement of a minimum in the total free energy during 

crystallization in a mechanism similar to oriented attachment.
19, 69

 The high 

film density in the case of the PLD 7 Pa sample allows primary crystal seeds to 

undergo a free energy minimization process which does not occur in the case 

of less dense morphology (higher deposition pressures). 

Hyperbranching 70 

Figure 19 shows through XRD peak intensity analysis that a strong preferential 

growth along the c axis is present on hierarchical nanostructures deposited at 

7 Pa. For this reason here after the analysis will be focus on this sample in 

order to reveal other features of this material. Transmission Electron 

Microscope (TEM JEOL 4000EX at 400 kV) images of the TiO2 film deposited at 

7 Pa are reported in Figure below. The high resolution TEM images show well 

that the nanostructures are actually hyperbranched in the sense that long 

and crystalline branches are splaying from the main vertical trunk of the 

structure.  Highly resolved lattice fringes are present also at the outer surface, 

confirming the high crystallinity of the branches. The lattice constants in the 
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parallel and perpendicular directions to the length of the branches are 

respectively 9.39 and 3.74 Ǻ, suggesting that the branches are also single-

crystalline tetragonal-anatase phase TiO2 growing along the [004] direction.
71

  

 
Figure 20 High resolution TEM images of PLD deposited film at 7 Pa. Here is 
possible to appreciate the hyperbranced structures (left-hand side), the 
single crystal branches (centre) and the preferential growth (right-hand 
side) 

TEM and high resolution TEM images have shown single crystalline branches 

developing in the c direction with a characteristic size of 50 to 100 nm 

confirming the preferential growth already highlighted in Figure 19 reporting 

the XRD spectrum. 

How they become crystalline: can they be tuned?  

The atomic reorganization in nanocrystalline domains occurring in the PLD 

nanostructures as a consequence of the thermal energy fed during thermal 

annealing here is further explored on the samples deposited at 7 Pascal. This 

is to understand (i) how do the crystal growth evolve and (ii) if it can be 

controlled and to what extent.   

In a first experiment the duration of thermal treatment is changed in order to 

investigate the dynamic of the crystallization process of hierarchical titanium 

dioxide. The temperature is kept at 500°C while samples are annealed for 1, 

30, 60 and 120 minutes.  
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Figure 21 Raman spectra of samples deposited at 7 Pa and thermally 
annealed at 500°C in air for different time. 

All the spectra reveal that, independently of the annealing time, the allotropic 

phase into which titanium dioxide is found after annealing at 500°C is 

anatase. This is expected as the atomic reorganization into a given crystalline 

structure it is prompted by a threshold (thermal) energy.  Longer exposure 

time to thermal energy could play a crucial role in (i) determining the distance 

over which the atomic order induced by the thermal energy is affecting the 

structure and (ii) could highlight crystallization processes that at those 

temperature have a slow kinetic. In other words even if the crystalline phase 

it is initiated when a certain energy is provided, the crystalline structure 

evolve in time. This become clear in the XRD spectra reported below (to 

assign peak to crystalline facet please refer to Figure 19). The peaks related to 

anatase are present in all samples confirming the results obtained by Raman 

spectroscopy. 
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Figure 22 XRD spectra of samples deposited at 7 Pa and thermally annealed 
at 500°C in air for different time. 

With a more accurate analysis it is possible to notice that the FWHM of XRD 

peaks is decreasing. This is an indication of the formation of larger crystalline 

grains as predicted by Scherrer’s equation presented in the methods section. 

 
Figure 23 By averaging the grain size obtained through peaks fitting with 
Scherrer’s equation, here a figure of merit of the crystals size of samples 
annealed for different time are plotted. The dotted line is only to guide in 
the plot interpretation. 
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The crystalline domain is notably increasing when the annealing time is taken 

from 1 to 60 minutes. Eventually the crystal growth stabilises after 2 hours. 

For all samples the peaks intensity ratio show as previously demonstrated an 

hyperbranching.  

 
Figure 24 SEM images showing the increasing grains size in samples 
annealed for an increasing amount of time. 

The average domain size is a figure of merit, as the dimensionality of the 

crystals is not a regular shape and its aspect ratio is changing with time 

towards crystalline and elongated structures well shown in the TEM images. 

In the SEM images reported in Figure 24 is however possible to notice an 

enlarging of the smallest constituents of the hyperbranched nanostructures 

confirming the calculations performed on the diffraction peaks. This 

reorganization in larger grains is affecting the volume to surface ratio of the 

nanoclusters. The roughness factor indeed it is shown to diminish with 

increasing annealing time. The RF variation reflect the one observed for the 

grain size as it is more distinct for shorter times while it is almost stabilized 

above 60 minutes. 
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Figure 25 Roughness factor measured through chromatographic photo-
spectroscopy of desorbed dye for samples annealed at 500 °C for 1, 30, 60 
and 120 minutes 

The change in surface to volume ratio it is also confirming the phenomenon 

observed through BET analysis. Atomic reorganization occurring during 

crystallization is actually decreasing the surface area onto which the nitrogen 

used as surface area prober during BET measurements, is supposed to 

adsorb. Once again the porosity modification is occurring at the nanometre 

scale. As expected, the phase transition kinetics, is strictly dependent on the 

temperature. In the case of thermal annealing at 500 °C, both the grain size 

and the roughness factor variation, are found to be almost stabilized after 2 

hours of thermal treatment. In order to investigate the crystallization 

dynamics a similar experiment is run by changing the annealing temperature 

while keeping constant treatment time at 120 minutes. A 500 °C range is 

spanned (300-800 °C) in order to investigate crystallization process across 

those temperatures known to induce phase transitions. For treatments of 120 

minutes, the temperatures at which almost complete phase transitions occur 

are namely ~350 °C for amorphous-to-anatase transition
19

 and around 650 

°C.
72

 The latter it is not initiated below 650 °C and it is extremely fast above 

750 °C. As first analysis Raman spectroscopy is used to assess the allotropic 

phase of these materials. As expected the samples annealed at 300 °C 

remains amorphous with a Raman shift spectrum as flat as one of the as 
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deposited samples. The samples annealed at 400 °C show anatase phase 

characteristic.  

 
Figure 26 Raman spectra of titanium dioxide samples annealed at different 
temperatures. 

Increasing the temperature leads to an increase in peak intensity and 

eventually to a full anatase-rutile transition on the sample annealed at 800°C. 

A partial anatase-rutile transition can be expected even within the 2 hours 

annealing for temperature between 650 and 800 degrees as described by 

Czanderna et al.
72

 In this study however, as the target application requires the 

anatase phase, the next analysis is limited to this crystalline structures. 

Similarly to what was done for the samples annealed for different times, XRD 

analysis is performed on the anatase samples previously presented in Figure 

27.  Looking at the XRD spectra it is even clearer how the peaks with the 

lower characteristic intensity are growing and on average all peaks are 

sharpening. These phenomena are attributed to a better crystallization and 

the formation of larger grains. 
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Figure 27 XRD spectra of samples deposited at 7 Pa and thermally annealed 
for 120 minutes in air at different temperatures. 

The full width at half maximum of the XRD spectra was used (see methods) in 

the Scherrer equation to estimate the crystalline domain size that was found 

to increase with annealing temperature. This can be seen clearly in the SEM 

images reported below.  The grain volume enlargement is again competitive 

with the surface area as testified by the roughness factor that is rapidly 

dropping with increasing temperatures. 

 

 
Figure 28 Peak fitting with Scherrer’s equation here a figure of merit of the 
crystals size at different temperature is plotted. 
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Figure 29 SEM images showing the increasing grains size in samples 
annealed at different temperatures. 

 
Figure 30 Roughness factor measured through chromatographic photo-
spectroscopy of desorbed dye for samples annealed for two hours at 
different temperature. 
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Tuning micrometric features 

 

It is plausible to think that as a morphological modification of the 

nanostructured materials involving nanoclusters packing density occurs, it will 

also affect their mechanical properties. PLD hierarchical nanostructures 

possess an inverse conical envelope as it is highlighted in the figure below. 

 

 
Figure 31 Inverse conical envelope of quasi 1D hierarchical nanostructures 
deposited by pulsed laser deposition at 20 Pa 

As the density decreases the quasi 1D structures lose their stability and 

stiffness. This phenomenon was already reported in a previous work by Fusi 

et al. (2010). 
73

  

Their stiffness decrease and so does their stability. The stability induces a 

collapse of the nanostructures that aggregated in island. The island 

reorganization, which is schematically highlighted in the cross section images 

of Figure 32, can be induced by two processes (i) either by the capillary forces 

of a fluid desorbing from the nano-porous structures (e.g. in Figure 32 it was 

induced by soaking the films in ethanol and letting it evaporate) or (ii) by a 

densification occurring during the crystallization process induced by a thermal 

annealing. As the film grows thicker this phenomenon becomes more evident. 

Looking at the surface with an SEM (Passoni et al. (2014)
74

), it is possible to 

see how the dimensions of the cracks that are separating the island are 

increasing both with background deposition pressure and with thickness as a 

result of more pronounced collapse. To quantify this characteristic surface 

feature of PLD deposited nanostructures, a surface ratio (ϕ) is introduced as 
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the ratio between the area occupied by the film surface and the area 

occupied both by area and voids (see Methods). 

 

 
Figure 32 Island formation due to low density packing in quasi 1D 
nanostructures deposited at high background gas pressure. 

 
Figure 33 Surface ratios of PLD film surfaces deposited at different pressures 
with different thicknesses. 
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In summary by setting different background gas pressure in the deposition 

process it is possible to control cluster reorganization controlling feature both 

at the nanoscale (nano-pores and nanocluster size and how they are packed 

together) and at the microscale by passively inducing features in the 

micrometers scale length (aggregates of nanostructures). By changing these 

features is possible to control the density and the specific surface area of the 

material. 
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Figure 34 Top view SEM images of samples deposited at 10 Pa different 
thicknesses with decreasing magnification from left to right. 
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Figure 35 Top view SEM images of samples deposited at 20 Pa different 
thicknesses with decreasing magnification from left to right. 
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Figure 36 Top view SEM images of samples deposited at 40 Pa different 
thicknesses with decreasing magnification from left to right. 
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Figure 37 Top view SEM images of samples deposited at 60 Pa different 
thicknesses with decreasing magnification from left to right. 
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Island reorganization upon annealing 

 

 

Figure 38 Island reorganization induced by 2 hours thermal treatment for 2 
hours on nanostructured films deposited at 7 Pa with different thicknesses 

As described by Fusi et al.
73

, by Passoni et al.
74

 and as described in this work, 

the capillary forces acting on the hierarchical nanostructures upon the 

evaporation of a solvent previously impregnating the film, induce a structural 

collapse that leads to the formation of microstructures comprising bundles of 

hierarchical nanostructures. The phenomenon occurs in a similar fashion to 

the dry mud effect for which mud cracks into plates when dries out. This 

highlights a stiffness failure of the structures that are therefore prone to 

collapse under certain forces. When thermal treatment is performed on these 

structures a similar effect is observed. In Figure 38 it is possible to note that 

the “islands” besides resembling the one occurring due to capillary forces, 

present sizes that are trending with film thickness in a similar manner to the 

one presented in Figure 34, 35, 36 and 37. In this case however, as there is no 

liquid evaporation involved, the forces causing the island reorganization are 

arising from the crystallization process that changes the porosity 

configuration increasing the grain size. The effect of the collapsing on the 
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hyperbranched titanium dioxide nanostructures (in this case deposited at 7 

Pa of oxygen and annealed for 2 hours at 450 °C) is studied in Figure 39 

through analysis of the roughness factor along the thickness of the 

nanostructures.  

 

Figure 39 Roughness factor for thin films with different thickness after 2 
hours thermal treatment in air at 450°C. 

The RF decreases with increasing thickness as a consequence of a 

densification of the top part of the hyperbranched nanostructures. 

In summary the morphology of hierarchical nanostructures was studied and 

peculiar characteristics were found. The complementary nature of voids and 

full is such that the hierarchy of the material is caused by and consequence of 

a hierarchy of the pores. For this reason the pore size distribution is not 

peaked around a single valued but it is rather broad and range from few to 

hundreds of nanometers. Similarly the nanostructured fabricated by PLD 

present a main elongated structures, formed by smaller structures comprising 

nanometric clusters, stretch out. Elements with different characteristic size 

react differently to deposition pressure, wetting and dewetting or annealing 

process. For this reason it is possible to tune the morphology from the atomic 

(clustering and crystallization) to the micrometric (dewetting and annealing) 

scale.  
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Effect of porosity on the refractive index of the material 

The complex refractive index components of titanium dioxide are plotted in 

the graph below (Figure 40). The imaginary part, i.e. the absorption, is 

negligible at wavelengths above 350 nm where titanium dioxide results 

transparent. The real component of the refractive index is instead above 2 in 

the whole visible and near-IR spectrum.  

 

Figure 40 Components of the complex refractive index of titanium dioxide.
75

 

In the case of porous materials however the regime is the one of 

inhomogeneous medium. The refractive index of the film is therefore subject 

to the effective refractive index approximation. The effective refractive index 

neff of the material is: 

𝑛𝑒𝑓𝑓 = 𝑝 ∙ 𝑛𝑣𝑜𝑖𝑑𝑠 + (1 − 𝑝) ∙ 𝑛𝑇𝑖𝑂2 

Where nTiO2 and nvoids are respectively the refractive index of the titanium 

dioxide and the refractive index of the medium filling the nanostructures 

voids and p is the porosity. This means that, as the pressure increases, the 

void fractions augment lowering the refractive index of the film. By fitting 

transmittance spectra of titanium dioxide thin films deposited at different 

pressure with transfer matrix method, it was possible to retrieve their 

effective refractive index. 
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Figure 41 Effective refractive index at two different wavelengths as a 
function of film porosity calculated through transfer matrix method fitting 
of transmittance spectra. 

Even if the decrease of the effective refractive index with increasing 

deposition pressure was expected, being able to quantify is magnitude is of 

paramount importance for several applications as will be shown in the next 

chapter. 
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Chapter 3 

Applications of nanostructured 

titanium dioxide 
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Dye Sensitized solar cells: 
Performance enhancement through 

advanced morphological and optical 

properties 

The world energy demand is increasing; 

the reasons behind this general trend 

are complex, diverse, often 

interconnected and they depend on 

political, social and geographical regions. 

Reasons can differ between developing 
76

 and rich 
77

 countries and can range 

from early stage industrial development to consumer electronics diffusion to 

population growth. This polyhedral scenario raises the attention also on the 

delocalization of the energy demand, on its disparate usage and on its nexus 

with economic growth and environmental impact. 
78, 79

 In fact, independently 

of where the reasons of the increase in energy request are rooted, it is of 

primary importance, in the knowledge society,
80

 to give the opportunity to 

plan an energetic strategy that through diversification and globalization will 

minimize the effect of energy consumption on the environment while 

promoting welfare. This means going beyond political boarders and to be 

adaptable to the fast and continuous change in societal layout by wisely using 

natural resources. A synergetic effort must be put in place by academics and 

by policy makers to reach a solid and structural result. Fossil energy sources, 

even leaving aside the most popular argument of pollution
81

 and the debate 

on their depletion, cannot single-handedly cope with the issues briefly 

introduced above. While, for different reason, singularly taken, nuclear, tidal, 

wind, solar energies are neither effective option, a viable route to achieve an 

appropriate energy production arrangement could be a synergetic action of 

all these sources. Surely mankind cannot disregard and must push towards 

the exploration and development of any scientific and technological asset 

that could serve this scope. In other word, no energy source should be 

regarded as alternative to another but rather as a complementary piece of a 

complex puzzle. Similarly this concept applies within each energy source; 

research cannot be exempt from investigating different technologies to make 

the best use of a resource. Solar energy is a remarkable example as it is  
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Figure 42 NREL efficiency chart.  
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converted in electricity either indirectly through thermal energy or directly by 

the photovoltaic effect. Within this major distinction also photovoltaics 

comprises a number of different technologies that allows the use of solar 

energy in diverse applications. For decades the scientific community has 

worked to find and improve new ways of converting solar energy into 

electrical energy. In Figure 42, the chart edited yearly by the National 

Renewable Energy Laboratory (NREL), shows the historical evolution of 24 

subcategories of photovoltaics technologies. As the power conversion 

efficiencies compared on the NREL chart, there are several other parameters 

(cost, weight, durability, disposability, aesthetics etc.) that make each of 

these categories worth to be studied. Despite the often high investment cost 

and the isochronous power generation, still photovoltaics operate, like other 

renewable energy technologies, without emitting greenhouse gasses. It plays 

an important role in the reduction of pollution.  

The advent of novel scientific discovery and technological advances has not 

only been beneficial for the existing photovoltaic technologies but was also 

responsible for the emergence of new and fascinating concept. This is the 

case of nanotechnology. The ability to study the dynamics occurring in 

nanoscale systems is today reinforced by the one to control the matter 

composition and structure at the atomic level. Thanks to nanotechnology it is 

possible to study and exploit effects that are not occurring in bulk materials. 

Among the photovoltaic technologies born and developed on the shoulders 

of nanotechnology, dye sensitized solar cells (DSSCs) are a particularly 

interesting example that, despite their discovery date back only 25 years, are 

already seeking their place in the market of the renewable energy generation 

systems. Since their invention in 1991 by professor M. Grätzel,
82

 dye-

sensitized solar cells have achieved a maximum power conversion efficiency 

of 13 % 
83

 at laboratory scale while module have shown a nominal efficiency 

of 5%
84

 and products are already sold on the market. 
85

 Compared to other 

technologies they do not soar with high efficiencies but they do possess 

several advantages such as low fabrication cost, lightweight (they can be 

fabricated on flexible plastic material) and semi-transparent colourful design 

that can easily be integrated in building facades or in several devices. 
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Figure 43 Left) Example of colour variation laboratory scale dye sensitized 
solar cells and Right) the application of dye sensitized solar cells in the 
façade of the conference palace at the EPFL in Switzerland. 
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Working principles 

As dye sensitized solar cells are photovoltaic devices, they operates thanks to 

their ability of converting photons into electrons that are then made available 

for an external circuit which drives a load. 

 

Figure 44 A DSSC standard architecture and the schematic of the ideal 

working principle of the device 
86

 

The architecture of these devices is shown in Figure 44. A large bandgap 

porous semiconductor, such as titanium dioxide, is covered by a chemisorbed 

monolayer of dye molecules (reddish mesoporous layer) and is filled 

infiltrating a hole conductor (yellowish in Figure 44). This structure is 

supported by a transparent conductive oxide (TCO) coated glass and 

sandwiched with a similar glass as counter electrode.  

Thanks to its design the dye molecule, when it is shined by the light, 

undergoes transition from its ground state (i.e. highest occupied molecular 

orbital or HOMO) to an excited state (lower unoccupied molecular orbital or 

LUMO). In this HOMO-LUMO transition the electron orbitals of the dye 

molecule are delocalized closer to the dye anchoring group (typically a 

carboxylic group) where they are more luckily to be injected in the 

conduction band (CB) of the metal-oxide. An example of the electron 
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delocalization is shown in Figure 45 in a schematic taken from the Time-

dependent density functional calculations in reference 
87

. 

 

Figure 45 Time domain-density functional theory calculation of a dye 
molecule showing the (a) HOMO and (b) LUMO electron distribution. The 
red atoms on the right-hand side of the top figure are the carbon of the 
carboxylic anchoring group. A the light shine, the electron cloud moves 
towards the anchoring group (see b) favouring electron transfer into the 
titanium dioxide. Figure from reference 

87
 

In the LUMO state an unbalance in the charge distribution leads to the 

formation of a so-called exciton,
88

 an electron-hole pair in a bound state. The 

exciton splitting into free charges, i.e. the overcoming of Coulombic attraction 

between electrons (close to the anchoring group) and electron-holes (left on 

the “other side of the molecule”), also called Exciton Binding Energy (EBE)
89

, is 

thought to be driven by the potential difference between the CB of the metal 

oxide (or more precisely its quasi-fermi level) and the LUMO level of the dye. 

The electron injected in the TiO2 is transported through the semiconductor
90, 

91
 towards the anode. This process leaves an electron vacancy in the dye 

which is regenerated by the hole conductor (or electrolyte) which turns into 

an oxidized state. Eventually the electron is taken from the anode to the 

cathode by an external load circuit and regenerates the electrolyte left 

oxidised by the dye. While the photogenerated current is thus determined by 

the capability of the system to generate and circulate the electrons, the 

maximum voltage of the device (also called open-circuit voltage or Voc) is 

determined, in the ideal case, by the potential difference between the quasi-
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Fermi level of the semiconductor (that can be approximated with the CB in 

the case of n-type semiconductor and in particular when electrons are 

injected) and the redox potential of the electrolyte. The interface between 

TiO2 and electrolyte can be seen as semiconductor-semiconductor interface 

which leads to a current-voltage curve characteristic of a diode where for 

zero applied reverse voltage and under illumination condition the device will 

display short circuit current (Isc) while for applied bias voltages opposite to 

the Voc , electron circulation is impeded and  the current is zero. 

The deviation of this curve from the ideal rectangular diode curve is described 

by the fill factor (FF) which is defined by the ratio between the area of the 

rectangle defined by the voltage and the current density value at the 

maximum power output and the area of the rectangle having Jsc
  
as height and 

Voc as base (see Figure 46). 

 

Figure 46 Current-Voltage curve of a photovoltaic device. 

In each step of the energy conversion process competitive and detrimental 

processes can occur, leading to a less efficient energy conversion. These 

processes are mainly recombination process that leads to the loss of charge 

hampering the overall device performance
92, 93

. The photogenerated charges 

might indeed undergo the following process: 

1. Electrons in the dye LUMO recombination with the electrolyte 

2. Electrons in the dye excited state recombine with the vacancy left in 

the dye itself 

3. Electrons from the CB of the semiconductor recombine back with the 

ground state of the dye or to the electrolyte 
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The ultrafast charge separation (few tens of femtoseconds) makes the above 

events, which are order of magnitude slower, less luckily to happen. For a 

good understanding of the timescale of each event described above and 

depicted in Figure 47 
94

, the reader could refer to the review in reference
95

. 

1. Photon adsorption by the photoactive medium (dye); 

2. Exciton formation and charge separation; 

3. Charge injection from the dye to the metal-oxide; 

4. Charge transport through the metal-oxide to the electron; 

5. Dye regeneration by the electrolyte; 

6. Electrolyte regeneration by the electrons 

 

Figure 47 Timescale of the main photogeneration and recombination 

processes in DSSC. From reference 
94

. 

Given the main events (summarized above) and their possible failure due to 

the recombination processes it is important to define quantities that help in 

determining the overall efficiency of the power conversion from sun power to 

electrical power. Indeed the power conversion efficiency (hereafter PCE) will 

be the ratio between power output and power input (namely incident light 

power). In turn the power output will be influenced by the power input 

adjusted for the light absorbance (ηabs, being the number of photons 

absorbed over the incident photons), the Internal Quantum Efficiency (IQE, 

being the number of photogenerated charges over the number of absorbed 

photons) and  injection and collection efficiency (respectively η inj  being the 

efficiency of electron injection from the dye into the semiconductor and ηcol 

being the efficiency of those electron to be collected by the anode electrode). 
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All these parameter will therefore include the effect of recombination and 

not efficient charge transport. 

𝑃𝐶𝐸 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛

=
𝑃𝑖𝑛 ∙ 𝐼𝑄𝐸 ∙ 𝜂𝑎𝑏𝑠 ∙ 𝜂𝑖𝑛𝑗 ∙ 𝜂𝑐𝑜𝑙

𝑃𝑖𝑛

=  𝐼𝑄𝐸 ∙ 𝜂𝑎𝑏𝑠 ∙ 𝜂𝑖𝑛𝑗 ∙ 𝜂𝑐𝑜𝑙  

Improving these efficiencies is the main task of researchers that design each 

component of the cell to work in synergy and optimize free charge 

photogeneration and transport. Key components that must be optimized are 

therefore: the dye to favour light absorption and electron generation, the 

metal-oxide (e.g. titanium dioxide) to reach a nearly 100 % efficient electron 

transport, the electrolyte to have a fast regeneration of the photoactive dye 

and last but not least the three above mentioned components interaction 

must be considered. The latter requirements involve mainly a proper energy 

bands alignment between dye and semiconductor to permit charge injection 

and prompt dye regeneration by the electrolyte so to make dye molecules 

always active for photogeneration, compatibility between the dye and the 

redox couple and stability of the system to thermal and photochemical 

stresses. 

Sandwich-like dye sensitized solar cells 

As already mentioned, dye sensitized solar cells are photo-electrochemical 

cells comprising two electrodes enclosing an active layer that has the function 

of generating free electric charges. This device architecture is often referred 

to as sandwich-like structure. Despite their scope does not change, the four 

major components of a dye sensitized solar cell (i.e. working and counter 

electrode, holes transporter and photoactive layer) can differ depending on 

the system. Two main configurations, essentially differing in the hole 

transporter phase, can be found: (i) liquid state dye sensitized solar cell and 

(ii) solid state dye sensitized solar cells. In the former case the hole 

transported is a liquid redox couple that is physically contained in the 

reservoir formed by the two electrodes spaced by a polymeric sealant. In the 

latter the hole transporting material is a polymer that is infiltrated into the 

mesoporous active layer and onto which the counter electrode is deposited 

directly. In the next paragraphs these two main categories will be explained in 

more details. 
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Liquid state dye sensitized solar cells96 

Liquid redox electrolyte is the most widely used mean for the regeneration of 

the oxidized dye and DSSC based on this hole transporters are still the most 

efficient. The photoactive layer comprising dyed titanium dioxide is deposited 

on a transparent conductive oxide coated glass. A platinized counter 

electrode, matched on the opposite side of the active layer, is attached with a 

thermoplastic sealant that creates a reservoir that is eventually filled with the 

liquid electrolyte (see Figure 48). The liquid electrolyte in this case is filled 

through a hole previously drilled into the counter electrode and finally sealed 

back to avoid electrolyte evaporation or leakage. Typical power conversion 

efficiencies of this device architecture are set above 10 % with a record of 13 

%. 
83

 Despite their leading position in terms of performances, DSSCs using this 

kind of mediator present however several drawbacks related to the liquid 

nature of the electrolyte. Indeed, corrosion, leakage and degradation are still 

today major issues related to this type of cells.
97

  

 

Figure 48 Schematic of liquid DSSC configuration 

 



69 

 

Liquid state DSC: Hyperbranched Photoanodes 96 

Five micrometers thick hyperbranched photoanode TiO2 scaffold (h-PA in this 

paragraph) was sensitized using C106 dye and filled with an iodide/triiodide 

redox electrolyte. To study whether an optimal crystalline domain size and 

roughness factor could be found, a 200 °C temperature range was scanned in 

the thermal treatment of the titanium dioxide photoanode. An optimum was 

found at 450 °C. As shown in Table 1, the overall power conversion efficiency 

is decreased by the predominant effect of the photocurrent density (J) which 

decreases from 15.7 (annealing at 450 °C) to 14.0 mA/cm
2
 (annealing at 600 

°C). The sample comprising a photoanode thermally treated at 400° C show 

lower Jsc compared to the samples annealed at 450 °C in contrast to the 

trend found over the other annealing temperatures. This is attributed to poor 

photoanode crystallization. 

Table 1 Photovoltaic performance of DSC based on h-PA annealed at 

different temperatuers 

Samples Voc (V) Jsc (mA/cm
2
) FF PCE (%) 

h-PA 400°C 0.712 14.56 0.72 7.6 

h-PA 450°C 0.737 15.7 0.75 8.7 

h-PA 500°C 0.746 14.9 0.74 8.3 

h-PA 550°C 0.749 15.0 0.73 8.3 

h-PA 600°C 0.763 14.0 0.74 7.9 

PA 0.724 12.5 0.72 6.7 

 

The open circuit voltage (Voc) follows an opposite trend. The Voc of the 

samples annealed at 400° C is approximately 50 mV higher compared to those 

annealed at 600° C. The different surface areas available may also contribute 

to the Voc trend because the different amount of dye molecules adsorbed on 

the surface. It is worth noticing that all devices based on hyperbranched 

nanostructures (red lines) improves photovoltaic performances of reference 
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devices (black line) comprising mesoporous layer in the same dye/electrolyte 

environment.  

 

Figure 49 Performances of DSCs fabricated with photoanodes that 

underwent thermal treatments at different temperatures. (left) JV curves 

and (right) EQE. 

The reason behind the performance improvement shown by devices based on 

hyperbranched photoanode (h-PA) is two-fold.  

 

Figure 50 (left) Transient and (right) charge extraction measurements 

performed on standard mesoporous photoanodes and on h-PA based DSC. 
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Optimized hyperbranced nanostructures, as reported in Figure 50 show faster 

charge transport in comparison to standard mesoporous photoanode (PA) 

and they also possess peculiar optical scattering properties described in the 

optical analysis of the materials in the previous chapter. The higher incident 

photon to current efficiency (IPCE) reflects the increase in Jsc. In the spectral 

region where the dye extinction coefficient is lower, the quantity of up-taken 

dye on the photoanode determines IPCE broadness. 

Table 2 Photovoltaic performances of h-PA annealed at 450 °C, 5, 10 and 15 

micrometers thick. 

h-PA Thickness (µm) Voc (V) Jsc (mA/cm
2
) FF PCE (%) 

5 0.724 14.6 0.76 8.1 

10 0.712 16.4 0.74 8.8 

15 0.692 16.6 0.72 8.4 

 

To verify whether thickness increase could lead to higher power conversion 

efficiency, h-PAs as thick as 5, 10 and 15 µm were tested. JV curves and 

respective IPCE spectra are reported in Figure 51.   

 

Figure 51 Photovoltaic performances of h-PA annealed at 450 °C, 5, 10 and 

15 micrometers thick (left) JV curves and (right) EQE spectra. 
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A broadening of less than 50 nm in the near-IR region is observed in the IPCE 

spectra. The short circuit current density, measured with sun simulator, is 

calculated by multiplying the integral of the IPCE spectrum with the electron 

charge times the solar simulator lamp spectrum over the whole visible range 

(340-800 nm). The calculated current densities are 14.6, 16.1, 17.4 mA/cm
2
, 

respectively for the 5, 10 and 15 µm thick h-PA. The current densities 

measured under solar simulator at 0.1 sun condition are 1.52, 1.68 and 1.72 

mA/cm
2
 while at full sun (98.8% of AM1.5) are 14.6, 16.4 and 16.6 mA/cm

2
. 

The relative increment in the current density between the 5 µm and 10 µm 

thick h-PA is in good agreement for all the three measurements (respectively 

10%, 10% and 12% for IPCE calculation and the 0.1 sun and 1 sun 

measurements). When passing from 10 µm to 15 µm thick photoanodes the 

relative increase of the photocurrent is lower. For the full sun measurement it 

is 1.2 % of relative increment is measured in contrast to the 2.4 % of 0.1 sun 

and the 8% of the IPCE measurement. There thus a saturation of photovoltaic 

performance of the device with h-PA 15 µm thick. This is attributed to the 

morphological modification occurring at the top part of hyperbranched 

nanostructures above a certain thickness and described in the last previous 

chapter and shown in Figure 38. As the film grows thicker, the previously 

described densification phenomenon occurs on the top part of the film of the 

hyperbranched nanostructures.  

 

Figure 52 Current dynamics of samples comprising h-PA with different 

thicknesses. 
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As shown by roughness factor measurement, the porosity and so the 

equivalent surface area is not increasing linearly with film thickness and this 

might lead to saturation in current generation and to diffusion issue. In Figure 

52 the current dynamic is reported for the three h-PA measured in Figure 51. 

Further process optimization is required in order to improve the control on 

film morphology along its thickness to avoid the densification occurring on 

thicker h-PA. A viable solution, yet to be explored in a complete device, could 

be to superimpose 5 micrometre thick film on a multi-stack to form a thicker 

film. Before depositing the next layer,  a thermal annealing should be done on 

the previous layer inducing the densification on the 5 micron thick previous 

layer. This way the island reorganization could be frozen to the one 

characteristic of the 5 micrometre thick film while the thickness could be 

increased (see SEM image below). 

 

Figure 53 Three 5 µm are superimposed into a 15 µm thick film. a thermal 

annealing is performed before each layer deposition to freeze the island 

reorganization to the one characteristic of 5 micrometers thick layers 

In a parallel experiment, a 17 µm thick h-PA device with a 17 µm standard 

device with scattering layer (12 µm mesoporous layer + 5 µm of scattering 

overlayer) were compared obtaining similar power conversion efficiencies 

(9.23 % vs. 9.21 % respectively). h-PA were successfully tested also with a 

cobalt electrolyte in a similar configuration as in reference 
98

 obtaining an 

overall efficiency of about 10 % at 1 sun illumination. 
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Solid state dye sensitized solar cells 

To overcome the problems related to the use of liquid electrolytes, a so called 

solid-state DSSC type was engineered where the liquid electrolyte was 

replaced by a polymer working as hole transporting material (HTM). Besides 

an obvious excellent hole mobility a good hole transporting material, such as 

the most used spiro-OMeTAD, has to be able to fulfil other requirements. 

Indeed the intrinsic difficulty of the hole transporting material to percolate to 

the bottom of the photoanode creating a uniform interface with the porous 

semiconductor is the constrain that limits the development of thicker devices 

and preventing a further increase in light absorption.  In 2004 W. Feng et al. 
99

 

reported an improvement in ss-DSSCs performances upon the increase in 

interface between the HTM polymer and the titanium dioxide. An optimum 

pore filling factor was found by I-K Ding et al. (2009)
100

 upon spin coating 

rotational speed and spiro concentration. The influence on dye-sensitized 

solar cells performance of the polymer filling factor was extensively studied 

and an empiric law to determine ex ante the pore filling factor was studied. 
100, 101

 Attention must be paid on the difference between wettability of pores 

and pore-filling. If the pores are wetted by the HTM forming a monolayer, the 

charges will move towards the counter electrode following a tortuous path 

along the mesoporous layer. If the HTM is forming a thicker layer around the 

titanium dioxide/dye structure the charges could follow a straight path 

reducing the issues related to higher charge mobility.
102

 Several methods to 

measure the quantity of HTM present in the device and therefore the level of 

pore-filling has been developed. However just at the beginning of 2013 

Docampo et al.
103

 developed a not destructive method to measure accurately 

the pore-filling by optical analysis. Spiro-OMeTAD has a refractive index of 

1.92 and the optical response of the photoanode (having a refractive index 

around 1.5) is dependent on the quantity of HTM present inside the pores. 

Therefore through refrectometry they were able to precisely estimate the 

degree of pore-filling and thus optimize it. Considering the necessity of 

percolation channels for interface formation between HTM and TiO2 and the 

limited thickness, Quasi-1D hierarchical nanostructure are currently widely 

investigated as possible solution for their elongated percolation paths and for 

their advance light management capability. Nowadays Solid-state dye 

sensitized solar cells have reached a power conversion efficiency over 10%. 
104
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Solid state DSC: Hyperbranched Photoanodes 70 

In solid state dye sensitized solar cells (thereafter ss-DSC) a solid hole 

transporting material (HTM) is used in place of the standard liquid 

electrolyte.
105-107

 Their usage solid structure is source of great versatility; 

however, despite their undisputed potential, their industrialization is still 

hampered by their low power conversion efficiency, resulting from 

photocurrent generation much lower than in the liquid DSC. As ss-DSC have 

photoanode whose thickness is limited below 2 µm to allow good HTM 

percolation and fast hole transport, their optical density is too low, resulting 

in poor current photogeneration. Several studies have been trying to enhance 

the power conversion efficiency of ss-DSC by addressing the attention to 

different physical phenomena and technical features. In particular novel 

semiconductor architectures to improve electron transport have been 

studied. 
108, 109

 To enhance light absorption, great effort was put in place to 

increase the optical path of the light within the photoactive layer beyond its 

physical thickness. Advanced light scattering and light trapping architecture 

were employed specially in liquid DSC and great variety of methods, reviewed 

in the literature,
69, 110

 were adopted. The most  common and employed 

strategy consists in using a scattering overlayer made of large size 

nanoparticles (from 200 to 400 nm ).
111

 Other materials with different shapes 

but with similar functionality were attempted (e.g. quartz fibers
112

 and 

nanotubes,
113, 114

). One of the major issues associated to this solution is the 

parasitic light absorbance associated to the photoanode scattering overlayer 

not actually contributing to the charges photogeneration. To reach a 

compromise between light scattering and dye absorption large size and 

porous materials, such as hollow embossed-nanosphere with high surface 
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area
115

 or particles having different size,
18

 have been engineered. In a 

publication 
116

 a blend of few nanometers large particles, increasing the 

surface area, and large particles, enhancing light scattering is studied showing 

28% of increased performance. One dimensional nanostructures (e.g. 

nanotubes
35, 64

 and nanofibers
117, 118

) were studied to improve electron 

transport (thanks to electron channelled conduction) and to favor the HTM 

infiltration. Despite the fact that pore filling fraction is not a limiting factor in 

highly optimized photoanodes,
103

 still novel architectures less with open and 

directional porosity could be beneficial for the development of high efficiency 

DSC. In this section ss-DSC with improved optical density are shown to 

increase power conversion efficiency were fabricated using a photoanode 

architecture comprising an array of hyperbranched nanostructures. The 

“nanoforest” is the one presented in the previous chapter and also used in 

the previous paragraph for liquid state DSC.  The increased density of each 

single hyperbranched nanostructure increases their effective refractive index 

enhancing their scattering properties. As a result, nanotrees act as integrated 

broad band scattering elements having length scales as large as the visible 

light wavelength. The overall photoanode benefits from this with an 

improved optical absorption that in turn yields to higher short circuit current 

and higher power conversion efficiency with respect to the reference 

mesoporous photoanode. 

The optical characteristics of the photoanodes after thermal treatment are 

evaluated with a UV/vis spectrophotometer on bare titanium dioxide 

deposited at different pressures to quantify their light scattering properties. A 

standard thickness of 1.7 µm typical of ss-DSC was chosen.  

Diffuse transmittance of all devices fabricated with PLD at different pressures 

and with standard nanoparticle paste can be found in Figure 54a.  After N719 

dye sensitization the photon-dye molecule interaction and is increased 

leading to higher absorptance shown in Figure 54b
119

 (37.5% higher than the 

one of nanoparticles reference). Being the roughness factor generally lower 

than the reference, (the 7Pa film has RF 8% lower than the one of 

nanoparticles reference), the enhancement in optical density was attributed 

to the peculiar light scattering of the hyperbranched nanostructured 

photoanode. The absorptance of the whole dyed photoanode subtracted by 

the one of glass, FTO, compact layer and bare TiO2 is named hereafter light 
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harvesting efficiency (LHE, which is connected to charge photogeneration). 

The LHE (Figure 54b) was integrated across the visible range (350-750) and 

multiplied by the solar photon flux AM 1.5. Assuming an Internal Quantum 

Efficiency (IQE) (i.e. each absorbed photon is converted into charge carrier 

transported to the electrode) of 100%, the maximum expected 

photogenerated current density for can be estimated. From this calculation 

the hyperbranched and nanoparticles photoanodes could respectively 

generate 6 and 4.6 mA/cm
2
 (+30% increase for hyperbranched photoanode).  

 

 
Figure 54 Optical analysis of devices fabricated at different pressures by 

Pulsed Laser Deposition is compared with standard nanoparticles 

mesoporous layer. (a) Diffuse transmittance and (b) absorptance. 

In a preliminary experiment on hierarchical photoanodes comprising film 

deposited by PLD at different pressures (namely 5, 7, 10, 15 and 20 Pa) those 

samples with hyperbranched photoanodes (fabricated at 7 Pa) emerged as 

the optimum, coherently with the results of the optical characterization and 

with those of RF measurements. Table 3 shows the photovoltaic performance 

for the PLD optimized photoanode comprising hyperbranched 

nanostructures. In Figure 56b the champion device performance is presented. 

Due to a delicate fabrication process, that at lab scale is still left to an 

handcraft-level, ss-DSC present an high intrinsic variability in photovoltaic 

performance. For this reason the full statistic regarding photovoltaic 

performance of several samples is presented in Figure 55. 
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Figure 55 Current density and power conversion efficiency distribution 

across the fabricated set of samples (7Pa vs. Nanoparticles reference). 

The EQE spectra of average performing devices were divided by the LHE 

spectra to derive the internal quantum efficiency of both the device types 

(Figure 56) with hyperbranched and with standard nanoparticles thin films.  

 

Table 3 Best and average photovoltaic performance of the PLD-based 

devices sensitized with N719 dye and fabricated with the optically 

optimized photoanode anode, and of the nanoparticles standard device. 

N719 
Voc (V) Jsc (mA/cm

2
) 

FF (%) 
η (%) 

Nanotrees (7 Pa) Best 0.67 5.92 41.14 1.77 

Nanoparticles Best 0.72 4.88 41.90 1.56 

Increment (%) -6.94 +21.31 +1.81 +13.46 

Nanotrees (7 Pa) Average 0.70 2.70 45.55 0.86 

Nanoparticles Average 0.72 2.00 44.38 0.64 

Increment (%) -2.72 +35.06 +2.65 +34.37 
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Figure 56 Light Harvesting Efficiency (red), EQE (black) and IQE (blue) 
spectra for nanotrees fabricated by PLD at 7 Pa (solid line) and for standard 
nanoparticles paste (dotted line). b) Champions devices J-V curves for 
device optically optimized nanotrees (red) 

The higher IQE of the photoanodes comprising hyperbranched PLD film was a 

result of the peculiar elongated structure of the nanostructured material 

which is creating a preferential pathway for electron collection. To retrieve a 

mean IQE value the measured current density at short circuit was divided by 

the one calculated by the LHE spectra integration (i.e. assuming IQE equal to 

100 %). 

 

Figure 57 Light Harvesting Efficiency (LHE) (a) and JV characteristic (b) of the 
device sensitized with D102 dye. 

For the nanotrees, between 350 nm and 750 nm, an average IQE of 35% 

compared to that of nanoparticles based devices of 27% (+30%) was 
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estimated. Devices with D102 organic dye (for experimental details see 

reference)
120

 were fabricated to verify the outstanding performance increase 

in presence of an high extinction coefficient dye. In Figure 57 the LHE of the 

devices employing D102 dye are reported. When integrated, these spectra 

yield a maximum expected photocurrents of 9.22 mA/cm
2 

and 6.87 mA/cm
2
 

for nanotrees based and for nanoparticles-based standard devices 

respectively (+34%). This is substantially confirmed in the actual value of short 

circuit current obtained in the best performing devices 7.02 mA/cm
2
 and 4.76 

mA/cm
2
 for optimized nanotrees and standard nanoparticles respectively 

(+47%). Thanks to similar Voc (0.91 V vs 0.89 V) and slightly better Fill Factor 

values (57.0% vs 50.5%) substantially higher (+66%) power conversion 

efficiency was obtained (3.96% vs 2.29%) in the case of devices fabricated 

with the nanotrees based photoanode architecture. It is worth to note that 

efficiency of PLD devices is among the highest reported for devices fabricated 

similarly with D102 dye and Spiro-OMeTAD.
121, 122

 Moreover, it is even higher 

than the values obtained with volatile electrolyte DSSC in the previous works 

on similar photoanodes.
62, 65, 66

 In order to probe the transport and 

recombination characteristics of the devices, measurements of photovoltage 

and photocurrent transient were performed on devices fabricated with D102 

dye on 1.7 µm thick photoanode. In Figure 58 the charge lifetime as a 

function of charge density for standard nanoparticle-based photoanodes and 

for the PLD fabricated one is shown. The measurements are performed in 

open circuit and short circuit conditions. At open circuit the photogenerated 

charge decay represents the recombination characteristics of the devices; 

longer lifetime corresponds to lower charge recombination within the device. 

While the PLD nanotrees appear to exhibit slightly slower recombination at 

the same charge density, the differences are minor, and well within sample to 

sample variations. This is consistent with photoanodes exhibiting similar 

surface areas. At short circuit conditions, the photogenerated charge decay 

provides information about the time required for charges to exit the device. 

Again, the PLD-grown and the standard nanoparticle photoanodes behave 

very similarly, with overlapping points at high light intensities. This is likely 

due to the fact that despite the fact that larger crystalline domain size of PLD 

photoanodes should in principle boost electron transport, the high packing 
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density between the PLD branches, that also allows high surface area, is such 

that high number of interfaces between them is present.
90

 

 

Figure 58 Photovoltage and photocurrent measurements of devices 
fabricated with standard nanoparticle photoanode and PLD fabricated one. 
The devices are 1.7 µm thick with Spiro-OMeTAD as HTM material and D102 
dye. 

Beside the similar behavior at equal charge density (chosen because of its 

more relevant physical meaning) at this point it is worth to note that, as a 

result of hyperbranced nanotrees higher optical density, the charge density at 

equal illumination intensity is increased for PLD photoanodes. This is thought 

to lead to better saturation of trap states and consequently to slightly faster 

electron transport. Enhanced optical properties are then leading to higher 

charge photogeneration and thus better photovoltaic performances. 
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Monolithic dye sensitized solar cells 

Dye-sensitized solar cells (DSC), combining low fabrication costs and colourful 

design, 
123

 are making their way into the market as a design element with the 

added functionality of power generation rather than as a pure energy supply 

system. 
124

 DSCs have been demonstrated to work under diffuse 
125

 and 

artificial illumination and in non-standard condition of temperature. 
126

 They 

comprise dyed titanium dioxide thin film infiltrated with a redox electrolyte 

and enclosed within two transparent conductive oxide coated glasses (FTO-

glass). 
127

 Even though in recent years power conversion efficiencies above 

13% were achieved, 
128

 dye sensitized solar cells still struggle to breach into 

the market. Despite modules have reached power conversion efficiency in the 

order of 5 % dye sensitized solar cells are still struggling to break into the 

market of photovoltaic. A reduction in the costs of production, an increased 

power-to-weight ratio and a system capable of large scale fabrication are key 

to create successful commercial products. The monolithic dye sensitized solar 

(m-DSC) cells architecture offers several advantages. A monolithic device 

consists of FTO-glass coated with a porous multi-layered structure comprising 

a standard titanium dioxide film, an insulating spacer (typically Al2O3 or ZrO2) 
129

 and a stacked counter electrode. The dye and the electrolyte are infiltrated 

once the solid structure has been fabricated.  Only an FTO-glass support for 

the working electrode is needed since the counter electrode is directly 

deposited on top of the device. This design causes a consistent cost and 

weight reduction and a lower environmental impact. 
130

  
131

 It also allow, 

through the control of the spacer thickness, to tune the inter electrode 

distance. Especially on large area, this could prevent ion diffusion issues that 

might arise on large areas due to electrolytes pockets formed by undulated 

glass. Since Grätzel and co-workers in 1996 have published his pioneering 

work, 
132

 several studies have reported on monolithic DSSC using both liquid 

electrolytes 
133-135

 and solid hole transporter. 
136

 The power conversion 

efficiency were respectively reaching values above 7% 
134

 and 3%. 
136

 In 

particular, liquid electrolyte m-DSC had a several micron thick black porous 

carbon film working as counter electrode (i.e. not transparent). Transparency 

was restored on these devices thanks to counter electrodes made of indium-

doped tin oxide (ITO). This solution was adopted on solid state transparent m-

DSC. ITO was deposited on top of a capping layer of solid HTM working in 
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place of the standard dielectric spacer. ITO was deposited either by sputtering 
137

 or by screen printing 
138

 and the obtained power conversion efficiency was 

close to 2%.  

 

Monolithic DSC: Hyperbranched Photoanodes  

In the case of the transparent m-DSC, ITO was deposited on top of solid HTM 

either by magnetron sputtering (using a semi-transparent metallic interlayer 

protecting the organic HTM from ballistic damage) 
139

 or by screen printing 
138

 

obtaining power conversion efficiency close to 2%. Despite the wide variety of 

scaffolds studied in the literature of DSC, 
32, 140

 no one ever tried to 

implement more complex materials in order to improve m-DSC performances. 

In this section a hierarchical monolithic nanostructure entirely fabricated by 

physical vapour deposition methods is presented. The cell architecture is 

sketched in Figure 59 and is reported elsewhere in more details. 
133

 8 µm 

thick film comprising an array of hyperbranched TiO2 nanostructures (called 

hyp-TiO2 in this section), as presented in previous sections and  as used in 

other works for hybrid solar cells, 
141

 liquid 
62

 and solid state DSC, 
142

 is 

deposited by pulsed laser deposition (PLD) on a purposely etched FTO-glass. 

The film is covered with 9 µm of hierarchical Al2O3 (h- Al2O3) 
143

 by PLD onto 

which 800 nm thick ITO transparent conductive oxide and an ultra-thin (sub-

monolayer) platinum films were deposited, by means of magnetron 

sputtering. This last FTO:Pt layer fulfils the roles of the counter electrode and 
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catalysts respectively. For the whole structure see field-emission scanning 

electron microscope, FE-SEM, image in Figure 59).  

 

Figure 59 a) Monolithic DSC structural schematic b) Scanning electron 
microscope cross-section image of the monolithic transparent multilayer. 

A set of electron microscope images can be found below. While magnetron 

sputtering is a well-established industrial technique, 
144

 pulsed laser 

deposition is often considered a fabrication technique for small-scale 

substrates. Recent advances in excimer laser technology 
145

 however have 

proven the true up-scaling potential. Treatable areas of laser deposition are 

limited only by the size of the vacuum chamber onto which the process 

occurs. 
146, 147

 With the devices studied presented here on the materials for 

m-DSC it is therefore envisioned the possibility of exploiting the precise 

control of physical vapour techniques over the morphology (i.e. functionality) 

of the nanostructures for photovoltaic applications. 
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Figure 60 Details of the multi-layered structure in SEM images 

The characteristic of hyp-TiO2 were extensively described in the previous 

sections. h-Al2O3 instead porosity was optimized in order to (i) allow dye and 

electrolyte percolation, (ii) to avoid the contact between titanium dioxide and 

the ITO and (iii) to allow the deposition of porous-ITO still retaining good 

sheet conductivity necessary for electron transport. Oxygen-deficient and 

highly conductive ITO was deposited by means of magnetron sputtering in an 
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argon atmosphere 
148

 on top of the h-Al2O3 layer. ITO transparency is restored 

by post-deposition thermal treatment (2 hours at 500°C in air) 
149

. 

 

Figure 61 Optoelectronic measurements of Al2O3/ITO layers at different 
annealing temperatures. 

Hall-effect set-up was used to carry out the electrical characterization on the 

800 nm thick ITO film. The film of ITO was purposely deposited on an h-Al2O3 

similar to that used in the m-DSC to make sure that the ITO morphology was 

the same of the one actually used in m-DSC. The values of resistivity, mobility 

and carrier concentration were found to be respectively 2.3x10
-3

 Ω/cm, 16 

cm
2
V

-1
s

-1
 and 1.62x10

20 
cm

-3
 (compared to 4.0 x 10

-4
 Ω/cm, 35 cm

2
V

-1
s

-1
 and 

3.0 x 10
20 

cm
-3

 of commercial, 250 nm thick, fluorine-doped tin oxide compact 

flat film). Despite the low mobility values resulting from to the presence of 

structural voids, the high carrier concentration allows the porous ITO to 

possess a comparatively low resistivity. As extensively described in the 

previous chapter for titanium dioxide, also the alumina undergoes an island 

organization. This dielectric buffer layer, acts as a template for the ITO which 

grows on top of its interconnected island
73, 74

 leaving channels with sizes 

ranging from hundreds of nanometers to micrometers. The channels allow 

liquids infiltration when the DSC is fabricated.  
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Figure 62 ITO deposited onto the alumina island. In this SEM top view image 
it is easy to see the cracks 

Opto-electrical and morphological properties of the ITO are thus optimized 

and represent a trade-off between its conflicting roles in transparent m-DSC 

architecture. It has (i) good on plane conductivity, (ii) transparency and (iii) 

the possibility of dye-electrolyte system infiltration. Also here DSCs are 

fabricated using a commercial N719 dye and an iodide/triiodide liquid 

electrolyte from Dyesol. 

 

Figure 63 Photovoltaic performance of a transparent sensitized solar cell. a) 

JV curve under illumination AM1.5 of a monolithic device (red line, 

performance in the inset) compare to the one of a standard sandwich like 

DSC based on mesoporous nanoparticles and fabricated with the same dye 

and electrolyte. b) External quantum efficiency of the monolithic device. 
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The curve of J-V curve and the EQE are respectively represented in Figure 63. 

An overall efficiency above 3% (Jsc = 7.33 mA/cm
2
, Voc = 0.621 V, FF = 0.638) 

was measured achieving the highest efficiency ever reached with a 

transparent monolithic device (see picture of the device in the inset of Figure 

63b).  The dark current is plotted in Figure 63a (red dashed line) 

demonstrating the expected diode behaviour of the device. Remarkably the 

efficiency obtained with the monolithic architecture is only 25% lower than 

the one of a standard sandwich like counterpart (black dashed line) (Jsc = 9.63 

mA/cm
2
, Voc = 0.660 V, FF = 0.651 efficiency = 4.07 %). More advanced 

systems employing higher extinction coefficient dyes and more efficient 

electrolytes 
98

 could allow the achievement of efficiencies in the range of 

10%. Electrochemical impedance spectroscopy (EIS), measurements were 

performed at different illumination intensities with a sun simulator (AM1.5 

solar spectrum) at the maximum power point of 0.48 V (see Figure 64). A 

series resistance (RS) of 45 Ω was found proving the ITO counter electrode low 

resistivity. EIS measurements 
138

 at maximum power point under 1 sun 

illumination were modelled (see details in the methods section) and a charge 

transport time (τd) and a charge recombination time (τrec) of ~6 ms and ~48 

ms were calculated. These two values led to an electron diffusion length (L) of 

about 21 µm. Increasing white light intensity, leads to a saturation of intra-

bandgap trap states into the TiO2 scaffold and thus, to an always faster 

diffusion time (Figure 64 solid lines). Recombination is less affected by light 

intensity and thus electron diffusion length increases (Figure 64 solid lines). 

Intensity modulated photocurrent spectroscopy (IMPS) and intensity 

modulated voltage spectroscopy (IMVS) were performed always at the 

maximum power point. These measurements were performed using a green 

(532 nm wavelength) monochromatic diode at different light intensities. As 

reported in Figure 64 diffusion and recombination characteristic time 

decrease with similar trends with illumination intensity. Despite the electron 

diffusion length of ~17 µm roughly confirms what found from EIS 

measurements, its trend with illumination intensity is not found for intensity 

modulated measurements. This behaviour, already observed in literature for 

this kind of measurements, 
150

 here can be due to the fact that the 

recombination is not affected by the green light as it does not photo-excite 
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the TiO2 scaffold as the UV component contained in the AM1.5 spectrum 

directly does. 

 

Figure 64 a) Electrochemical impedance spectroscopy (EIS) measurements 

performed under AM1.5 spectrum at different illumination intensities b) 

Intensity modulated spectroscopy  (IMPS/IMVS) performed under 532 nm 

wavelength light at different illumination intensities c) Diffusion (τd) and 

recombination (τrec) lifetime measured by EIS and by IMPS/IMVS at different 

light intensities. d) Electron diffusion length (Ln) calculated from EIS and 

IMPS/IMVS measurements at different light intensities. 

Differently from sandwich like device, the redox electrolyte in m-DSCs is 

impregnated within a 9 µm thick hierarchical Al2O3 film. This however does 

not hamper ion diffusion and mass transport of the redox reaction. The 

effective charge mobility within the device at higher illumination is preserved. 

The alumina spacer thickness can be further minimized, its porosity 
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maximised (reminding to avoid short circuit between the photoanode and 

counter electrode) to make ion diffusion more efficient. To quantify the 

influence of each layer on the overall transmittance UV/Vis 

spectrophotometer was used. The spectra shown in Figure 65 (normalized to 

the FTO glass transmittance) show that even after the deposition of a thin (≈ 

3 nm) metallic Pt catalyst film above the ITO layer, the device still maintains a 

transmittance above 60%. The transparency of the whole multi-layered 

structure is strongly dependent on the selected dye and can be tuned to 

achieve the desired colour for the target application. 
151-153 

 

Figure 65 Optical analysis showing transmittance losses contributions for 
each component of the monolithic structure. 
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Photonic crystals: 
Bright structural colour from 

functional morphology 154 

Butterfly wings, mother-of-pearls and 

opals are examples of natural photonic 

structures displaying structural colour. 

This arises from interference between 

light waves and a periodic or random 

sub-wavelength medium and 

determines a range of forbidden 

energies in transmission, known as 

photonic bandgap. When the structures are periodic, these materials are 

called photonic crystals. 
155-161

 Mimicking nature photonic structures with 

periodicity in one,
162, 163

 two 
164

 and three dimensions 
161, 165, 166

 were realized. 

Several techniques (mainly spin coating, electrochemical etching, and physical 

vapour deposition, PVD) 
165

 can be employed to fabricate one-dimensional 

photonic crystals (also named as Bragg stacks). Refractive index contrast is 

obtained either varying the chemical composition of the layers or by 

controlling effective refractive index through the control of layers porosity. 

The realization of porous architecture represents a step forward in the 

exploitation of photonic crystals as it expands their potential function. Porous 

photonic crystals possess two great characteristics: (i) controlled mass 

transport of fluid analytes through interconnected porosity, and (ii) optical 

band structure engineering that enables the realization of tunable optical 

devices with potential applications in the fields of sensing, filtering, ICT (e.g. 

electro-optical switches), energy (sensitized solar cells), and photo-

catalysis.
167, 168

 The fabrication techniques of porous one-dimensional 

photonic crystals (p1DPCs) still lag behind the theoretical knowledge, and 

suffer for several limitations such as repeatability, scalability, and 

integrability. Fabrication methods for one-dimensional porous photonic 

crystals as well as for 2D, opals and 3D photonic crystals are reviewed in 

literature. 
161, 169

  

The most common top-down fabrication technique for p1DPC is anodic 

current modulation during electrochemical etching of conductive wafers (e.g. 

doped-Si, Al). 
170-172

 Pores size can be periodically changed from nanometers 
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to micrometers obtaining a multilayer structure. 
173-175

 This wet technique is 

limited to conductive materials and requires complex and multi-step 

fabrication achieving low refractive index contrast. To overcome this criticism 

a bottom-up assembly methods have been proposed to demonstrate what 

previously demonstrated by the theory.  A number of different materials in 

nanoparticles colloidal dispersions 
165, 167, 175, 176

 were employed as p1DPC 

building blocks. Strong photonic bandgap efficiencies were obtained by using 

NP’s material with intrinsically high refractive index and tuning particles size 

distribution with thickness of several micrometers (using two different 

materials) or of few millimeter (using structures based on opals). Spin coating 

processes, a cheap and flexible technique, was the preferred technique for 

the fabrication of these of devices.
177, 178

 p1DPC was also fabricated from the 

gas phase via glancing angle deposition, 
179, 180

 a PVD technique capable of 

engineering different films architectures through shadowing of vapor atoms 

at highly oblique impact angles. Control over the porosity and thickness of 

individual layers is granted with the possibility to use different materials. In 

this paragraph, pulsed laser deposition is proposed as a novel fabrication 

technique for gas-phase self-assembled photonic hierarchical nanostructures.  

As the beetle cuticle, 
181

 self-assembly of different hierarchical porous 

materials is used to achieve refractive index variations and in turn the 

photonic bandgap. Hierarchical one dimensional photonic crystal (h1DPC) 

with 75% reflection efficiency in a 0.5 µm thick device and approaching 

complete reflection in a 1.5 µm thick device was fabricated using a single 

material (TiO2). Structural density of hierarchical nanostructures can be 

controlled allowing fabrication of layers having different optical and 

morphological properties. When stacked onto each other they achieve 

peculiar optical functionalities. 
62, 142

 The hierarchical photonic nanostructures 

respond to fluid infiltration with photonic bandgap red shifting. PLD allow the 

realization of patterned photonic devices, on the scale of few µm, with 

interesting perspectives in the fields of solar cells, biochemical sensing, 
182

  

photoelectrochemical water splitting,  displays  and photo-catalysis. The 

characteristic low thermal load of PLD process allows using even plastic or 

biological substrates. PLD decouples the chemistry from morphological 

parameters of deposited nanostructures that are controlled by the 



93 

 

background gas pressure.
62, 142, 183, 184

 Refractive index contrast is obtained 

stacking layers of hierarchical nanostructures grown at pressures.  

 

 
Figure 66 (Left) Schematic of layer formation by pulsed laser deposition. 

(top) In the case of low pressure a dense film is formed due to high energy 

species present in the plasma. (bottom) If the pressure is increased more 

porous material is deposited. (right) High resolution SEM showing details of 

the periodic layer stack constituent of the (inset) complete photonic 

crystals. 

The SEM images of three h1DPCs fabricated modulating the effective 

refractive of porous titanium dioxide of self-assembled hierarchical structure 

are shown in Figure 67. The transfer matrix method (TMM) was used to 

simulate the transmission spectra of the three reported photonic crystals. The 

modulation of refractive index is due to the different porosities in the layers 

and it is fully accounted for by the simulations. h1DPC can be therefore 

designed and engineered with desired properties. The good agreement 

between measurements and simulations is testified by the matching between 

lateral fringes. If the substrate (glass-FTO) intrinsic losses (see dashed grey 

line) are taken into account, the reflection approaches 100% for sample c) 

which is only ~1.5µm thick. In Figure 67 the effect of porosity modulation on 

the two alternating, i.e. layer L1 (high n, low porosity) and L2 (low n, high 

porosity), comprising the photonic crystal repeating units are shown. The 

deposition pressure is kept constant for the layer L1 so to maintain constant 
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also its porosity in all the reported photonic crystals. The porosity of layer L2 

was increased monotonically (increasing deposition pressure). This way the 

effective refractive index of L1 is kept almost constant, while the effective 

refractive index of the L2 decreases.  

 
Figure 67 Scanning electron microscope images and transmission spectra 

(data and best fit) of three hierarchical photonic crystals in which the 

porosity of one of the two composing layers have been changed, by 
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changing the oxygen pressure in the deposition chamber. The pressure 

value are (5,7), (5,10) and (5,15) for sample a), b) and c) respectively. 

In Figure 68 the effective refractive index values and porosities are 

extrapolated from the TMM fit performed on experimental data are reported. 

The effective refractive index modulation approaches unity in the most 

extreme case of (L1, L2) being deposited at (5,20) Pa (not shown here) The 

refractive index contrasts Δn(L1,L2) reported in Figure 68 are Δn(5,7) ≈ 0.4,  

Δn(5,10) ≈ 0.6,  Δn(5,15) ≈ 0.7 and Δn(5,20) ≈ 0.9). While the difference between the 

two effective refractive indexes increases, the reflection efficiency increases 

too and the photonic bandgap expands its bandwidth (FWHM). 

 

Figure 68 Porosity and effective refractive index (RI) of the two photonic 

crystal layers. L1 and L2 are the low and high porosity layer having 

respectively refractive index (nHI) and (nLO). 

As reported in Figure 69a (SEM image) and Figure 69b (transmission 

spectrum), using the highest effective refractive index contrast, over 75% 

reflection efficiency is achieved with a ~460 nm thick TiO2. The possibility of 

obtaining total reflection coupled with PBG tunability is demonstrated thanks 

to a white (reflection between 400 and 800 nm) h1DPC. This was realized by 

superimposing four TiO2 h1DPC with complementary photonic bandgap (see 

Figure 69c and 69d). For all those applications (e.g. water splitting
185

, 

perovskite and dye sensitized solar cells, sensors and optoelectronic switches) 
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in which the fabrication process implies high temperature steps the 

robustness of the optical characteristics of the photonic crystals is of great 

importance. h1DPC made by PLD were tested up to T=500°C without loss in 

their optical properties. Intensity was preserved while PBG position was 

subject only to a minor blue shift due to the structural shrinking occurring in 

the crystallization process (Figure 70).  

 
Figure 69 (a) Scanning electron microscope image and (b) transmission 

spectra (data and best fit) of TiO2 hierarchical photonic crystals 460nm thick 

achieving over 75% efficiency. (c) Scanning electron microscope image and 

(d) transmission spectra (data and best fit) of TiO2 porous photonic crystals 

with reflection band (R≈1) over the whole visible spectrum obtained by 

superposition of four different photonic crystals with different pitches. In 

the inset a picture shows the white mirror performance. 

PLD however is a low thermal load process and therefore allow the deposition 

of h1DPC on flexible plastic substrate (Figure 70d). This could be interesting 
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for organic electronics. As shown in the previous chapter these 

nanostructures possess high RF. Always by chromatographic analysis on the 

desorbed dye The RF was found equal to 145 µm
-1

 for as deposited samples, 

while in annealed ones the RF decreased to 100 µm
-1

.  

 

Figure 70 Effect of thermal annealing on the photonic bandgap of a PLD 

h1DPC. 

With PLD is possible to realize patterned porous photonic crystals.  In Figure 

71a an example is reported where a h1DPC, placed off-axis with respect to 

the deposition source, was physically masked in such a way  to obtain a letter 

pattern with a thickness gradient giving rise to a PBG red shift (from bottom 

to top) (Figure 71b). Using the same approach a pixel structure of h1DPC 

(pixel size of about 10 x 10 micrometers) was realized (Figure 71c). The pixel 

dimension is matching the requested pixel size in display technology and it 

could be appealing for achieving special sensing resolution.  

The large oriented and interconnected porosity of h1DPC can be used for 

measuring refractive index of fluids, with possible applications in 

optoelectronic sensors
186

.  In Figure 72a acetone (refractive index ranging 

from 1.354 and 1.364 in the considered spectral region) was causing a red-

shift in PBG that in Figure 72b, upon its evaporation, was restored to its 

original position. In Figure 72c a similar effect is shown upon infiltration of E7 

liquid crystal, that has an isotropic refractive index of about 1.575 in the 
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visible. The infiltration red-shifts the PBG and envisions the possibility to build 

devices for diverse optical applications, such as emitting diodes, lasing, 

sensors and photovoltaic cells. 

 
Figure 71 a) Patterned photonic crystal, fabricated with thickness gradient 

of the layers, by using a mask. Scale bar: 1cm.  b) Transmission spectra of 

the photonic crystal along one of the letter, from top to bottom; a shift of 

the photonic band gap spectral position of few hundred of nanometers is 

shown. c) Pixel structure of hierarchical photonic crystal. d) h1DPC 

deposited on flexible plastic substrate. 

The photonic bandgap can be widely tuned on a broad spectral range, notably 

down to the characteristic energy of telecom applications. A photonic crystal 

with bandgap centred at 1300 nm is reported in Figure 72d. High reflectivity 

photonic hierarchical nanostructures have been successfully fabricated by 

pulsed laser deposition. This was shown to be a new tool for nanophotonic 
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fabrication permitting: i) fabrication of photonic crystals with outstanding 

efficiency/thickness ratio; ii) optimal control of each h1DPC layer optical 

thickness; iii) patterning h1DPC structures with macro and micrometric 

dimensions simply by shadow masking iv) fabricating broadband dielectric 

mirrors. The process is compatible with thermal post-treatments as well as, 

being a low thermal low process, with plastic electronics. 

 

Figure 72 Measurements of transmission spectra of all TiO2 hierarchical one-

dimensional photonic crystal during the infiltration process a) with acetone 

(dashed lines denote transfer matrix simulations) and b) Transmission 

measurements of its subsequent evaporation; c) Measurements of the 

effect on the transmission spectra of the infiltration with liquid crystal; d) 

spectral response of sample with PBG in the IR spectral region. 

Thanks to the control of the morphology of PLD materials, a vast number of 

applications, on both rigid and flexible substrates, and ranging from light 

harvesting to filtering to active materials such as lasers, or  sensitized solar 

cells
187, 188

 and colour pixels display technology 
189

 can be envisioned.  
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Structural coloured dye 

sensitized solar cells 

In dye sensitized solar cells (DSC), 

photocurrent generation is 

carried out by the dye molecules 

chemisorbed on a mesoporous 

titanium dioxide photoanode. 

The dye molecules are 

regenerated by an electrolyte 

impregnated in the mesoporous photoanode and sandwiched between two 

transparent electrodes. 
190

 They represent an interesting alternative to 

traditional p-n junction solar devices not only for their lower fabrication cost 

and environmental impact but also for their interesting aesthetic. In fact, they 

are transparent and can be colourfully decorated by several types of dyes. 
191

 

Generally the dye pigments have the role of absorbing the light, creating the 

characteristic colour of these devices, and of generating charges. The 

mesoporous titanium dioxide transports the electrons injected by the dye to 

the external circuit. This classical decoupling between light (dye) and electron 

management (titanium dioxide) was broken by the introduction of 

nanostructured materials 
69

 able to interact with visible light spectrum and 

affecting the light absorption of the device. 
32, 70

 Diffuse light scattering, 
70, 192

 

controlled light back reflection 
193, 194

 and optical field confinement 
195

 have 

been exploited by introducing larger particles with high scattering cross 

section or by fabricating photonic nanostructures. One, two and three 

dimensional photonic crystals have been indeed used in dye sensitised solar 

cells. Three-dimensional photonic crystals such as inverse opals have been 

both as back reflector 
196

 or directly as sensitized photoanode 
197

 for dye 

sensitized solar cells. Despite these structures were able to enhance the light 

harvesting efficiency of the devices they showed low dye uptake due to a low 

specific surface area leading in fact to low photocurrent generations. Two 

dimensional photonic crystals have been demonstrated to increase light 

absorption through light channelling either by template patterning of the 

bottom of the TiO2 photoanode 
198

 or by femtosecond laser ablation of a 

grating on top of the photoanode. 
199

 One-dimensional photonic crystals 

Figure 73 Scheme of a DSC fabricated 
with a photonic nanostructured 
photoanode 
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(1DPhC) have been exploited with the aim of enhancing light-matter 

interaction to increase dye optical absorption and thus improve light-to-

electron conversion efficiency. 
200

 Conductive 1DPhC counter electrodes, 

comprising alternating layer of ITO and SiO2, were used as selective mirror 

able to reflect back in the dyed TiO2 a desired portion of the visible spectrum 

enhancing the light harvesting efficiency while preserving overall 

transparency.
194

 A similar effect was achieved by the monolithic integration of 

a TiO2/SiO2 1DPhC on top of the mesoporous titanium dioxide. 
201

 In this 

configuration the back reflection occurs immediately after the mesoporous 

layer avoiding parasitic absorption within the electrolytes in the previous 

case. 1DPhC being composed by densely packed nanoparticles can guarantee 

higher surface area and higher dye uptake. A more sophisticated photonic 

crystal, comprising only TiO2 nanoparticles, was obtained by spin coating 

layers with periodic density (i.e. effective refractive index) variation. In this 

case the 1DPhC could be used directly as a dye scaffold. Optical field 

enhancement was studied to increase incident photon to current efficiency. 
195

 Photon flux management is key for performance improvement; 
202

 

however as DSCs success lies also on their aesthetic, a SiO2/TiO2 photonic 

crystal overlayer has been used as source of structural colour. 
203

 Here it is 

demonstrated that it is possible to tailor structural colour of a DSC by tuning 

the spectral response of a photoanode comprising a hierarchical 1D photonic 

crystal (h1DPhC) fabricated by pulsed laser deposition (PLD). In Figure 74 SEM 

cross sections at different magnification of only one of this photonic crystal 

are reported as the bilayer thickness difference was not evident in the SEM 

images. It is shown how 3 µm thick h1DPhC photoanodes affect the devices 

optical characteristics without compromising their performances when 

compared to a device comprising standard mesoporous photoanode. In 

Figure 73 a sketch shows the device configuration. The refractive index (RI) 

periodic modulation (ΔRI≈0.6) 
154

 giving rise to the diffraction peak was 

achieved by changing the porosity of the hierarchical TiO2. Material porosity 

in fact was varied between ~44% and ~58% (namely 5 and 10 Pa of pure 

oxygen of operating pressure). Porosities contrast was maximised to obtain a 

strong PBG while staying as close as possible to the value (7 Pa, 55% porosity) 

optimized in previous chapters. This was done in order to guarantee good 

electron transport properties and low charge recombination. 
70

 In Figure 75 
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the total transmittance spectra with a picture of the four samples are 

reported. Considering the FTO transmittance baseline the reflectance 

efficiency for all the h-1DPhC is higher than 75%.  

 
Figure 74 SEM cross section of a TiO2 hierarchical photonic crystal used for 
the fabrication of dye sensitized solar cells. 

 
Figure 75 Measured spectra for four different h-1DPhC photoanodes with 
relative transfer matrix methods simulations. In the inset of each figure the 
sample picture is reported. 
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 This PBG were measured in air (RI=1), as such it is important to have high 

optical efficiency in order to preserve a marked PBG also after electrolyte 

(RI≈1.3) infiltration. Transfer matrix (TMM) simulations were used to estimate 

the effective refractive index and thus the porosity of each layer. The 

numerical outputs of the simulations are reported in Table 4.  

Table 4 Simulation parameters obtained by transfer matrix method (TMM) 
referring to the spectra in Figure 75 

h-PhC 

Sample 

Porosity 

high RI (%) 

Porosity  

low RI (%) 

Thickness 

high RI (nm) 

Thickness 

low RI (nm) 

A 44 56 23 81 

B 46 57 24 99 

C 46 58 30 102 

D 46 58 35 107 

Even though the scattering effect on the left-hand side of the photonic band 

gap is not accounted for in the TMM simulations, the accordance of the right-

hand side PBG slope and the frequency matching of the interference fringes is 

testifying the accuracy of the simulations. 
154, 195, 204

  The porosities for the 

bilayer were found to be constant for each photonic crystal as expected from 

the fact that the same fabrication parameters were used among all h-1DPhC, 

varying only the bilayers thickness. In percentages they were found to be 45.5 

± 0.8 % and 57.3 ± 0.8 % for the high refractive index and for the low 

refractive index layer respectively. In order to obtain ~3 µm thick h-1DPhCs 25 

bilayers were deposited for sample A as the pitch to obtain a PBG at 400 nm 

was thinner than those redshifted that were indeed fabricated using 20 

bilayers. Despite the fact that focus of this study differs from maximising the 

power conversion efficiency, the photoanode thickness can be increased by 

increasing the number of bilayers. This will also result in a thicker and more 

efficient 1DPhC. 
154

 Device thickness and dye uptake were measured by 

scanning electron microscopy and by chromatographic measurements of the 

desorbed dye and were found to be respectively 2.8 µm and 0.97 

nmol/cm
2
µm for the reference photoanode and 2.7 ± 0.3 µm and 0.77±0.09 
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nmol/cm
2
µm for the h-1DPhC photoanodes (details about device thickness, 

dye uptake and dye loading and unloading can be found in Table 5). 

Table 5 Dye uptake per square centimetre per micron thickness, roughness 
factor, thickness, specific roughness factor and photonic band-gap of each 
photoanode compared to the reference 

h-PhC 
Dye uptake 

(nmol/cm
2
µm) 

RF 
Thickness 

(µm) 
RF/ µm 

PBG 

(nm) 

Ref - 3um 0.97 291.0 3.0 97 ref 
70

 - 

A 0.86 210.2 2.45 85.8 405 

B 0.84 209.2 2.5 83.6 440 

C 0.67 193.2 2.9 66.6 465 

D 0.70 214.8 3.1 69.3 500 

 

Dye sensitised solar cells were fabricated with N719 dye, iodide/triiodide 

electrolyte. Photovoltaic performances are reported in details in Table 6.  

Table 6 Photovoltaic performance of dye sensitised solar cells fabricated 
with a photonic crystals with different photonic bandgap. 

Device VOC  (V) JSC  (mA/cm
2
) FF Efficiency (%) 

Ref - 3um 0.640 4.93 0.75 2.4 

A 0.686 4.95 0.67 2.30 

B 0.673 5.76 0.67 2.63 

C 0.676 5.79 0.68 2.69 

D 0.673 6.90 0.70 3.26 

 

DSC power conversion efficiency was 2.4 % for the reference device while was 

on average 2.7 ± 0.35 % for the h-1DPhC DSCs. The standard deviation (± 12 
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%) on device efficiencies can be related to that on photogenerated current (± 

13 %) that is in fact related to the different dye uptake values (± 13 %). 

Despite the higher surface area of the standard photoanode, h-1DPhC 

photoanodes have higher power conversion efficiencies due to higher 

photogenerated current densities. This improvement was already observed in 

a previous work and can be ascribed to the scattering induced by PLD 

hierarchical structures. The PBG modulate the external quantum efficiency as 

shown in Figure 76.  

 

Figure 76 a) Current density versus voltage of the dye sensitized solar cells 
using photonic crystals as a dye scaffold are compared to a reference device 
3 µm thick. 

As can be noted all the diffraction peaks are redshifted and slightly less 

efficient than those reported in Figure 75. This was expected as the 

infiltration of the liquid electrolyte caused an increase in overall effective 

refractive index of the device. The EQE modulation demonstrates how it is 

possible to tune the spectral response of h-1DPhC photoanodes still obtaining 

better performances than a standard mesoporous photoanode. The 

reflectance of a green h-1DPhC DSC sensitized with red N719 dye is reported 

in Figure 77 together with a picture of the complete device. Once again the 

peak is less efficient than the peak shown in Figure 75 as a consequence of 

the electrolyte infiltration. The DSC colour is thus decoupled by the coloration 

of the dye pigment. This effect could be exploited to enhance aesthetical 

appealing of dye sensitized solar cells as well as possible light management 

tool.  
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Figure 77 Reflectance spectra showing the structural colour of two DSCs 
comprising a 3 µm thick photonic crystal scaffold are compared to the one 
of a standard scaffold DSC. 
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Superhydrophobic surfaces: 
Exploiting surface modifications for 

wetting control74 

Due to the large number of possible 

applications, in the last decades 

superhydrophobic surfaces have gained 

the attention of both the industries and 

of the scientific community. Self-

cleaning surfaces, 
205

 microfluidic 

device,
206-208

 anti-icing coating
209-212

 and 

anti-fogging coatings, 
213

 are among the most common application. A liquid 

drop is deposited on a superhydrophobic surface forms a quasi-spherical drop 

and a high contact angle (CA) is observed. In this case a low interfacial surface 

area is present. Ideally the liquid does not wet the surface and it is free to 

roll-off. This property is caused by solid surface energy being lower than the 

one of the liquid droplet. The former condition is achieved either by acting on 

the chemical composition of the material or on its physical characteristic both 

by acting on the nanometric roughness and on its micro-sized features. An 

complete review of the descriptive models of this complex phenomenon 

together with fabrication methods of superhydrophobic surfaces are found in 

Yan et al (2011).
214

 

The so called Wenzel
215

 and Cassie-Baxter
216

 models are the two most 

known models for describing superhydrophobic surface wetting modes. The 

former describe the interaction between a rough surface and a droplet that is 

wetting it down to its grooves, the latter, allows higher contact angles, and 

include the triple interface between the solid surface, liquid droplet and the 

gas trapped inside the surface groove. Cortese et al 
217

 reports the triple 

interface as a consequence of a dual scale groove allowing the coexistence of 

large surface area and voids for gas pockets formation underneath the 

droplet. At this occurrence the droplet is free to float on the surface with 

poor adhesion and thus it is free to roll-off.   

In the field of nanostructured materials several nanostructured materials 

were studied to match the above requirements.
218

 High surface area nano-

materials have been engineered using raspberry-like nanostructures
219

 or 

simply collecting candle soot eventually used as template for 
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superhydrophobic surfaces.
220

 Lithography has been employed to fabricate 

materials having a controllable periodicity
221, 222

, allowing the instauration of a 

robust Cassie-Baxter interfaces. K-C Park et al. (2012)
222

 worked on the optical 

and wetting properties of silicon dioxide nanoposts. These were studied as a 

function of nanoposts aspect ratio and packing density. Hierarchical 

nanostructures with both large surface areas and the structural periodicity 

needed by Cassie-Baxter state have been obtained either by nano-sized 

particles
223, 224

 decoration of lithography patterned structure template or by a 

multistep hydrothermal process 
225

  leading to film similar to the one 

obtained by PLD. In this paragraph an array self-assembled hierarchical 

architecture of TiO2 fabricated by Pulsed Laser Deposition is sensitized with a 

fluorinated (perfluoro nonanoic acid, PFNA). The chemical sensitization was 

kept constant throughout the experiment while the morphology of several 

self-assembled PLD deposits are studied and related to hydrophobic behavior. 

This way the physical phenomena leading to different wettability mode are 

studied. Pulsed laser deposition allows the control of the surface morphology 

at both the nano and micro length scale. This paragraph explores how 

different surfaces can be exploited to induce different wetting behaviors. The 

aim is two-fold: to control superhydrophobic surfaces behavior through the 

understanding of how the morphology causes different wetting properties. 

TiO2 samples are dipped in a 0.5 M solution of PFNA in ethanol for 30 

minutes. PFNA is composed by a carboxylic group and by a hydrophobic 

fluorinated long chain. As described in the previous chapter, the films 

comprise an array of structures, resembling a tree shape. Long braches (tree-

branches) comprising nanoparticles (leaves) stretch out from micro pillars 

(trunks). The two equations governing the Wenzel and Cassie-Baxter models 

are respectively: 

  

cos 𝜃𝑊 = 𝑅𝐹 cos 𝜃∗ 

cos 𝜃𝐶𝐵 = 𝜑𝑠 cos 𝜃∗ − (1 − 𝜑𝑠) 

 

θ
W

 and θ
CB

 are the contact angles in the case of Wenzel or Cassie-Baxter 

wetting mode respectively, θ* is the Young CA, RF is the roughness factor and 

φs is the surface ratio described Methods in Figure 87. Wenzel mode is 

governed by a nanometric roughness RF, Cassie-Baxter is instead controlled 
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by φs which is more related to the grooving of the surface In the structures 

deposited by PLD the surface modifications involve either a change of the 

roughness (tuned by deposition pressure), or a micro inregualarity between 

nanostructures and void channels (tuned by nanostructures stacking density) 

or even a combination of these two effects. Wenzel surfaces are “sticky” 

surfaces while Cassie-Baxter surfaces allow the drop to float with no 

adhesion. In Figure 78a the CAs are plotted as a function of the film thickness 

for different deposition pressures. In Figure 78b the roll-off angles (i.e. the 

minimum sample tilt angle at which the droplet roll-off the surface) are 

plotted. 

 
Figure 78  (a) Contact angles and (b) roll-off angles values of film with 

different thickness and deposited at different background gas pressure, 

namely (black) 10 Pa, (red) 20 Pa, (blue) 40 Pa and (green) 60 Pa. 

Contact angles follow a general trend and increase with deposition pressure 

and film thickness. A sharp switch from no-roll-off and roll-off occurs above 

certain film thicknesses for samples deposited at 60 Pa (Figure 78b). As 

reported in literature
67, 68

  and as studied in the previous chapter PLD 

deposition pressure is influencing the surface roughness. This justifies the 

dependence of wettability upon pressure changes. Passing from to 100nm to 

thicker film the difference in wettability increases suggesting that another 

structural modification (other than a simple nanometric roughness 

enhancement) is playing a role when film are grown thicker. This is the case 

of the already described island reorganization, as shown in the top view SEM 

images in Figure 79. Despite a nanometric roughness change is observable at 

high magnifications; micrometric features become evident on larger areas. 
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This can be seen in the complete SEM analysis reported in Figure 34, 35, 36 

and 37. 

 
Figure 79 SEM top view images of (A, B and C) samples deposited at 10 Pa 

and (D, E and F) samples deposited at 60 Pa.  

 
Figure 80 (Left) Contact angle (black line, left axis) and root mean sqaure 

roughness RRMS (red line, right axis) are plotted for 0.1 µm samples 

deposited by PLD at different background oxygen pressure, namely 10, 20, 

40 and 60 Pa. In the inset the contact angle is plotted versus RRMS.  (Right) 

AFM images of the same sample surfaces. AFM scan area 1.5 by 1.5 µm. 

RRMS was estimated on a 500 by 500 nm area. 

Nanometric roughness was quantified by means of an atomic force 

microscope. AFM measurements were performed on 0.1 µm thick samples 
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deposited at different pressures. In Figure 80 the root mean square 

roughness (RRMS red lines, right axis) is reported together with the contact 

angle values (black line, left axis). All these samples do not present micro 

grooves and are in a Wenzel wetting mode (as expected looking at SEM image 

of those surfaces). The curves are mostly parallel highlighting the linear 

relation existing between RRMS and CA (see inset). The same characterization 

was performed for a similar set of samples this time 3 µm thick. The root 

mean square roughness (RRMS red lines, right axis) is plotted in Figure 81 

together with the contact angle values (black line, left axis). Despite the CA 

still has a positive trend with deposition pressure, the linear relation between 

contact angle and RRMS is lost as the island reorganization is introduced. 

Overall this phenomenon is decreasing the wettability of surfaces. 

 

Figure 81 (Left) Contact angle (black line, left axis) and root mean sqaure 

roughness RRMS (red line, right axis) are plotted for ~3 µm samples deposited 

by PLD at different background oxygen pressure, namely 10, 20, 40 and 60 

Pa. In the inset the contact angle is plotted versus RRMS.  (Right) AFM images 

of the same sample surfaces. AFM scan area 1.5 by 1.5 µm, RRMS was 

estimated on a 500 by 500nm area. 

The change in wettability is not anymore caused simply by the RRMS. As in Di 

Fonzo et al. (2010)
143

 and as reported in the previous chapter at high 

deposition pressures a lowering in nanotrees stacking density is driving a 

reduction in structural hardness. Being denser packed they have less space to 

collapse and less pronounced void channels will form leaving a uniform 

surfaces. Decreasing density (i.e. lowering deposition pressures) a violent 
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collapse of the nanotrees upon sensitizer solution evaporation leads to a 

marked islands formation and to a micro cracking (micro voids formation). 

The power law correlation is found between nanotrees height and island 

average dimension
73

 can be used to tune the surface ratio and in turn the 

wettability. This self-collapse phenomenon is depicted in Figure 32 in the 

previous chapter for matter of clarity.  There a green line is used to underline 

the island formation. Cracks are indeed the regions where air pockets are 

formed inducing the transition between Wenzel and Cassie-Baxter wetting 

mode. Using the top view SEM images it was possible to assess the surface 

ratio (as described in the method section). The values of surface ratio are 

reported in Figure 82 for samples with thin films deposited at different 

thickness and deposited at different pressure. The surface ratio decreases 

with increasing pressure (i.e. decreasing packing density) and with thickness 

(i.e. decreasing structural stiffness). 

 .  

Figure 82 (Solid lines, left axis) Surface ratio values of samples with different 

thicknesses grown at 10, 20, 40 and 60 Pa. (Dashed line, right axis) Roll-off 

angle for samples deposited at 60 Pa. Other samples presents high water 

adhesion even at 90° tilt and for these reason are not plotted. 

Only if void channels between islands allow the formation of triple interface 

(i.e. liquid-air-solid) the Cassie-Baxter wetting mode is forming and a roll-off 

angle is observable also at tilt angles below 5 degrees. The decrease in roll-off 
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angle can also be related to a decrease in surface ratio. Surfaces with low 

adhesion can be used to engineer self-cleaning materials. Brick powder was 

spread on top of a low adhesion and superhydrophobic surfaces and some 

water was poured. The water removed the powder rolling off leaving a clean 

surface behind. A snapshot sequence of the self-cleaning is reported in Figure 

83 (right). 

 

Figure 83 (Left top) Drop profile as seen at the contact anlge instrument, 

(Left bottom) two drops of coloured water are deposited on bare glass and 

superhydrofobic glass by PLD to demonstrate transparency of the PLD 

surfaces. (Right)  Snapshot sequence of the cleaning process of a 

superhydrophobic surface 

Self-cleaning properties is of paramount importance for photonic applications 

operating in outdoor or dusty environment in order to sustain their function 

with no alterations. For these reasons in Figure 84 the transmittance (total 

and diffused) spectra of samples deposited at different pressures are 

reported. Looking at the total transmittance (left column) it is clear that all 

the 100 nm thick samples are transmitting more than 90 % of the whole 

visible spectrum with the typical cut-off around 320 nm in the region of the 

absorption band of titanium dioxide. As the films grow thicker losses start 

occurring around 400 nm and the total transmittance appear to be lower 
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along the whole visible spectrum. Looking at the right column of Figure 84 a 

trend is reversed, in fact thicker films show stronger scattering properties. 

This could be the reason behind the lower total (i.e. direct plus diffuse 

transmittance) transmittance along the visible spectrum. This has to be 

attributed to measurement artefact occurring for diffusive film. The light is 

channelled in the glass substrates onto which the titanium dioxide films are 

deposited and is not collected by the sensors within the integrated sphere.  

The increase in scattering cross section with increasing thickness is thought to 

be due to the island reorganization described in the previous section. 

Micrometric islands in this situation act as scattering element diffusing the 

light. Thicker and less dense films promote island formation and enhance light 

scattering. This is clearly visible looking at the diffuse transmittance of 3 µm 

thick films and at how this is increasing for samples deposited at higher 

pressures. In the extreme case of very thin films (100 nm) island 

reorganization does not occur (or at least cannot occur at a micrometric level) 

and the films present very low scattering cross-sections. Transparent and 

hazy films can be thought as possible overlayer for photovoltaic device to 

enhance light interaction while keeping a clean interface. 
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Figure 84 Spectrophotometry of titanium dioxide films deposited at 

different pressures. (left column) Total transmittance and (right column) 

diffuse transmittance spectra of samples with different thickness. 
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Chapter 4 

Conclusions 
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Disruptive technologies enabled by nanomaterials are leading industrial 

innovation in fields ranging from agriculture and food, to drug and medicine, 

to energy and photonics. For examples, coloured and semitransparent 

photovoltaic materials work thanks to their active structure being as thick as 

the incident light penetration depth and the electron diffusion length, 

photonic crystal modulate light flow thanks to a dielectric constant spatial 

modulation in the order of a quarter of the wavelength, or superhydrophobic 

structures have reduced wettability as they can lower their surface free 

energy at the interface with the liquid at a molecular scale. In order to obtain 

nanomaterials, several fabrication techniques were implemented either 

following a top-down or a bottom-up approach. Among many techniques 

falling in the former approach, anodic etching has been widely used to 

selectively etch materials leaving elongated structures called nanotubes. 

Lithography, as well as, femtosecond laser ablation, can obtain complex micro 

patterning by precisely and selectively removing materials while leaving 

untouched other respectively by selective chemical reaction or physical 

ablation. Despite the industry still heavily relies on these techniques for 

several applications (e.g. microelectronic), top-down approach has a major 

drawback in the fact that it is intrinsically bound to a template material from 

which it must extract the desired micro or nanostructure. The fabrication and 

the properties of the template in turn limit the possibilities of the final 

product; anodic etching can only be applied to conductive materials, 

lithography to reactive layers and femtosecond laser ablation to a specific set 

of materials. These limitations are not present in bottom-up fabrication 

methods. The latter’s are additive manufacturing techniques rather than 

subtractive and relate these in a similar fashion as 3D printing does with 

fabrication methods of standard objects. Among bottom-up approaches 

physical vapour deposition (e.g pulsed laser deposition) comprises a set of 

techniques that exploit evaporation to transfer a material in the gas-phase 

from a source to a target. In this context, this Ph.D. thesis entitled “Titanium 

dioxide hierarchical nanostructures for photonic applications” explored the 

potentiality of pulsed laser deposition (PLD) in material nanostructuring for 

photonic applications. Titanium dioxide (TiO2) is a fascinating large band-gap 

semiconductor material. TiO2 is abundant in nature, biocompatibility and 

possesses outstanding properties such as efficient electron transport, 
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transparency, photocatalytic activity. Pulsed laser deposition is used to tailor 

its structural properties. By changing process parameters it was shown that is 

possible to tune the kinetic of recondensation of the laser vaporized titanium 

dioxide. In particular it was demonstrated how the clusters ejected from the 

source materials upon laser ablation reacts to the oxygen partial pressure 

within the deposition chamber and how this can eventually be used to control 

the kinetic of cluster reorganization into different nanostructures. Materials 

were structurally characterized in order to study their characteristics and to 

gain insight of how process parameters were affecting them. A wide variety of 

characterization techniques such as SEM, TEM, XRD, RAMAN and BET were 

employed to fully characterize the materials. While in low oxygen conditions, 

highly energetic spices are forming compact films, high oxygen pressure are 

employed to induce cluster scattering and to control the consequent 

formation of more complex hierarchical nanostructures. Nanometric features 

attached to branches departing from a main vertical trunk give to these 

structures high specific surface that increase with porosity at higher 

deposition pressure. Higher effective surface area per geometric surface area 

(roughness factor) was found in dense hierarchical materials, that are 

therefore of interest for all those application where interfacial phenomena 

are crucial. Besides causing high roughness factor, material density is 

responsible for a particular crystallization. Thermal energy provided to dense 

hierarchical structures during thermal annealing was shown to start an energy 

minimization process leading to the formation of crystalline structures as long 

as hundreds of nanometers (hyperbranching). In turn crystallization process 

parameters were used to further tailor the nanostructures. Thermal 

annealing does not only change nanometric feature size but, dependently on 

initial morphology, it strongly effects the pores size distribution. The overall 

pore volume is decreased as an effect of thermally induced Ostwald ripening. 

In fact nanocrystalline average grain size increases driving a suppression of 

nanometric pores that increases the average pores size and reduce the 

overall volume. Exploiting the morphology control, hierarchical one 

dimensional photonic crystals are obtained by periodically modulating the 

nano-structural effective refractive index through the modulation of the 

density. Alternatively if the porosity is left constant hierarchical 

nanostructures grow with an inverse conical envelop with lateral dimension 
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of few hundreds of nanometers and they act as an array of Mie scattering 

elements forming a hazy film. Hyperbranched nanostructures were employed 

as photoanodes in standard liquid and solid state dye sensitized solar cells. 

Scattering hyperbranched nanostructures are shown to improve photovoltaic 

performances thanks to an enhanced optical density and more efficient 

charge extraction. Similar structures upon effective refractive index 

modulation form hierarchical one dimensional photonic crystal and are used 

as photoanodes for structurally coloured solar cells. Hierarchical photonic 

crystals are also envisioned in light of possible applications in the field of 

active matrix displays, sensing devices and optical materials for 

telecommunication. Eventually it is shown how the study and the control over 

hierarchical nanostructures morphology had a fall-out in the wettability 

control. Transparent self-cleaning surfaces are studied as a possible overlayer 

for those opto-electronic devices operating in outdoor environments such as 

photovoltaic solar cells that might be operated in outdoor or dusty 

environments.  
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Outlook 
 

The characterization of several nanomaterials fabricated by PLD led to the 

good knowledge and the full control over titanium dioxide nanostructures 

morphologies. The implications of different morphology on optoelectronic 

properties were shown through the study and development of a set of 

applications ranging from photonic devices such as solar cells to 

ultrahydrophobic self-cleaning transparent materials. Among the vast number 

of studies that could be performed along the same research path I personally 

envision three main directions: (i) fundamental research, (ii) additive research 

(iii) technology transfer. Fundamental research can be done to understand 

how crystalline domains evolve from the plasma to the final state and how 

they can be modified to enhance surface reactivity through the induced 

exposure of facets with higher surface energies. Additive research can exploit 

what was reported in this Ph.D. thesis or published in the related works, to 

apply these materials to more complexes (e.g. photonic/plasmonic coupling) 

or to different technologies (e.g. water splitting or light emitting transistor). 

The know-how can finally be transferred to other materials (e.g. WO3, MO2, 

Al2O3, ITO) possibly more suitable for different applications (e.g. 

electrochromic devices, dielectric materials, transparent electrodes). 
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Chapter 5 

Methods 
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Fabrication 

 
While the details on the fabrication process of the specific thin film for each 

device and the respective device assembly routine were reported in their 

corresponding sessions, on this session a general description of the 

fabrication of the thin films employed in the fabrication of the different type 

of dye sensitized solar cells is provided.  

Thin film fabrication 

Titanium dioxide  

Titanium dioxide is deposited by pulsed laser deposition on FTO coated soda-

lime glass from a solid target of TiO2 99.999% pure from Kurt. J. Lesker. 
70

 The 

vacuum chamber is taken to a vacuum base pressure of 5 x 10
-3 

Pa and then it 

is filled with pure oxygen to reach the working pressure about three orders of 

magnitude above the base pressure.  The target to sample distance is set to 5 

centimetres. The samples are placed in front of the plasma plume and are 

moved with a linear velocity of 2 cm/s to increase deposition uniformity and 

to modify the nanostructures formation. In fact, at a given working pressure if 

the samples are kept steady with respect to the deposition centre, the growth 

rate will increase and the deposit will result denser. The laser was set-up to 

operate at a fixed energy of 400 mJ per pulse with a frequency of 20 Hz. 

Fluency was approximately 2 mJ/cm
2
.
 
The thin film thickness was digitally 

controlled by setting the number of laser pulses. The porosity of the layer to 

be deposited instead was tuned by changing through a mass flow controller 

the amount of gas fed into the chamber, with higher gas pressure resulting in 

a less energetic species and a more porous material. Viceversa a lower 

pressure was letting more energetic cluster to impact on the sample with 

higher energy forming a denser film. Film growth rate is controlled and 

changes with the background gas pressure present in the chamber during 

deposition. Growth rate at different deposition pressures are reported below. 

All the films were deposited at room temperature and thermally annealed 

after deposition to reach crystallization. The deposition rate is therefore 

increasing with pressure. As it is clear from the graph above it trends similarly 

to the pore volume fraction. This means that in first approximation the 
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growth rate is controlled by the fraction of voids that are formed upon 

clusters reorganization during the deposition process. 

 
Figure 85 Number of pulses needed to achieve 1 mm thick titanium dioxide 
film at different background gas pressure in the deposition chamber 

 
Figure 86 (Black squares) Pore volume and (Blue traingles) deposition rates 
at different deposition pressures. 

Monolithic structure 

The monolithic assembly was fabricated by depositing a layer of aluminium 

trioxide and a layer of indium tin oxide (ITO) on top of a layer of titanium 
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dioxide deposited as previously described. The aluminium oxide was 

fabricated by pulsed laser deposition in oxygen from a target of 99.999 % 

purity Al2O3 from Kurt J. Lesker. It was made porous enough to allow the 

percolation of the hole transporter redox couple while electrically insulating 

the top ITO from the TiO2 photoanode. The ITO layer was fabricated by 

magnetron sputtering in argon at 1 Pa from a target of ITO from Kurt J. 

Lesker. To restore ITO stoichiometry and to crystallize the TiO2 photoanode 

laying underneath, the multi-layered film was thermally treated in air at 

500°C. 

Photonic crystals 

One dimensional photonic crystals are nanostructures comprising a spatial 

periodic variation in their refractive index with the periodicity being in the 

scale range of the visible wavelength region. As it was demonstrated 
154, 226

 

the modulation in effective refractive index can be induced by periodically 

varying the film porosity. Changing vacuum chamber working pressure during 

the deposition process one can induce the growth of layers with alternating 

porosity and thus refractive index. While details on these materials will be treated 

on the next chapter, for more details on the fabrication the reader can refer to Passoni 

et al. ACS Nano (2014). 
154

   

Characterization 
In this session a review is given on the methods used to characterize the 

materials and the devices presented in the thesis.  Being nanostructured 

opto-electronic  materials for photovoltaic the session will be divided in four 

major characterization field: morphology, optical, electronic and photovoltaic. 

Morphology 

Scanning Electron microscopy 

High resolution imagining was performed with a field emission scanning 

electron microscpe Zeiss Supra 40. A  

Transmission Electron Microscopy (in collaboration with University of 

Cambridge, Cambridge UK) 

Transmission electron microscopy was accomplished with a FEI Tecnai F20-G2 

FEGTEM with a 200 kV field emission gun. 
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Brunauer–Emmett–Teller (BET) 

Specific surface area and pore size distribution were determined with the BET 

method and studying nitrogen adsorption−desorption at a temperature of 77 

K. A Micromeritics TriStar 3000 Instrument was used. The porous material 

was deposited on simple alluminum foil substrate. The substrates with and 

without the film were weighted on a microbalance in order to measure the 

weight of the deposited thin films. 

Computation of surface ratios 

Images from top view have been processed. Firstly, the SEM image (1024 ⨉ 

768 pixels) is converted in a black and white image, as shown in Figure 87. 

 

Figure 87 SEM  image  of  a  TiO2  nanostructured  film  (b)  The  same  image 
converted in black and white 

Then,  the  black  and  white  image  is  converted  in  a  binary  matrix.  The 

island surface to total area ratio is given by dividing the total number of white 

pixels (elements 1 of the matrix) by the total number of pixels (786432). 

Moreover,  when  the  surfaces  exhibit  a  well-defined  islands  with  a  clear  

contour, image processing  get information also about the island  area 

distribution. As  shown  in  Figure  88,  sometimes  the  conversion  to  black  

and  white  set  some  pixels  black  even  though  they  are  inside  island  

area.  In  order  to  properly  include this points in the statistics counting, 

holes have to be filled, as shown   in  Figure  89(left). Eventually, islands are  

labelled,  numbered as in Figure  89 (right) and  statistically  analysed.  In  

order  to  properly  compare  all  the  samples,   all  SEM  images for analysis 

have been selected at the same scale magnification (5000x) 
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Figure 88 SEM image of a TiO2 nanostructured film with clear island (b) The 
same image converted in black and white 

 
Figure 89 SEM image converted in black and white with holes filled (b)Label  
islands and numbering 

All the calculations have been performed with a custom made code 

implemented in Matlab
®
 exploiting dedicated functions of Image Analysis Tool 

Box.  

X-ray diffraction spectroscopy 

X-ray powder diffraction experiments were carried out on a Bruker D8 

Advance diffractometer. It was operated in reflection mode with Ge-

monochromated Cu KR1 radiation (λ = 1.5406 Å) and a linear position-

sensitive detector, with a 2θ range of 20 to 80° and a step of 0.016°. The full 

width at half maximum of the diffraction peaks was used to estimate the 

crystalline size. Scherrer’s equation (reported below) was used with shape 

factor equal to 0.9. 
227

 

𝜏 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
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Where τ is the mean size of the crystalline domains, K is a dimensionless 

shape factor, β is the full width half maximum (FWHM) and θ is the angle of 

the Bragg diffraction.  

Roughness Factor by Dye loading and unloading 

Roughness factor (RF) is here defined as the ratio between the actual surface 

area of the nanostructured photoanode and the geometric surface area onto 

which it was deposited. The value is therefore a pure number and here is 

sometime presented per micrometre of photoanode thickness. It value was 

calculated by dye loading/unloading method. With this method the dye molar 

concentration in the solution used to unload it from the porous samples is 

estimated with Lambert-Beer’s law from the chromatograific measure of its 

optical density. From the molar concentration, the number of molecules is 

calculated and, knowing the molecule surface area it is possible to retrieve 

the overall surface area of the sample available for dye chemisorption. For 

this purpose, the porous photoanode is dipped for 27 hours in a bath of 0.2 

mM N719 dye in acetonitrile and tert-butanol (1:1) for dye molecule 

chemisorption. After 27 hours the photoanode is rinsed in acetonitrile to 

remove the excess dye not chemisorbed onto the porous surface. This is done 

to assume that just a dye monolayer is completely covering the surface. With 

a known quantity (4 ml) of 0.1 M water solution of NaOH, the dye was 

desorbed (unloading) from the surface and the optical absorbance of the 

solution used for desorption is measured. 

Atomic force microscopy 

The roughness was measured with an Agilent Technologies
®
 Atomic Force 

Microscopy model 5500. Static tip deflection was used as a feedback signal. 

Root Mean Square Roughness Rrms was measured and evaluated as an 

average of nine measurements carried out on different sample spots. 

Raman spectroscopy 

A micro Raman confocal microscope (inVia Raman Microscope Renishaw, 50x 

objective) was used to acquire Raman shift spectra on samples as deposited 

and after different annealing time and temperatures. The second harmonic of 

an air-cooled Nd:YAG laser (wavelength = 532 nm) was used as excitation 

source. Laser power was kept below 0.1 % of the maximum power to avoid 
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laser annealing. Pure crystalline silicon was used to calibrate the instrument 

before every measurement. The spectral range subject of the analysis was 

from 0 to 1800 cm
-1

. The signal was improved by running 50 acquisitions. 

Optical 

UV/Vis spectrophotometer 

Optical measurements were performed in a UV/vis spectrophometer (SP, 

Perkin-Elmer Lambda 1050 spectrophotometer Xe lamp). In the assessment 

of thin film optical characteristics the SP was equipped with an integrating 

sphere to account for the diffuse light. To measure the transmittance, the 

samples are placed slightly within the integrated sphere to include the light 

diffused at high angles but, at the same time, avoiding contributions from the 

reflectance. The minimum angle (θ = 4°) for considering the transmitted light 

as diffuse is an intrinsic value given by the geometry of the set-up. It was 

calculated by considering the aperture diameter (a = 2.1 cm) allowing the 

direct light to exit the integrated sphere and the distance (d = 15 cm) of the 

sample from this aperture. 

 
Figure 90 Schematic of the UV/Vis integrating sphere used to measure the 
optical characteristics of thin films 
For chromatographic analysis used for roughness factor calculation a cuvette 

holder was put in place of the integrating sphere. Quartz cuvettes 1 cm where 

used. 
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Transfer Matrix Method 

The transfer matrix method (TMM) is employed to analyse the propagation of 

an electromagnetic wave trough a stratified medium. At every interface 

between two layers light is partially transmitted and partially reflected, 

therefore the total field results in an infinite sum of reflections. This 

phenomenon creates destructive and constructive interference that are taken 

into account in the numerical calculation performed by custom software. This 

takes as input the refractive index of the materials and the structural 

characteristic of the medium. For porous multilayers these parameters are 

namely the layers thickness and their effective refractive index (i.e. the 

refractive index of the material, weighted by the refractive index of the 

material present in the porous fraction). The same software is also used to 

retrieve information about the material through the input of other 

information. By measuring, for example at the SEM the thickness of the layers 

the fitting of the transmission spectrum is giving information about the 

materials refractive indexes. Despite a certain degree of approximation can 

be expected, this methods gives the possibly to relate the porosity of the 

material with its effective refractive index. It can therefore be used both as a 

method to engineer an optical device and as a method to retrieve information 

about the structure and optics of the materials. 

Electronic 

Photocurrent and photovoltage transient decay 

For the transient  photovoltage/photocurrent decay  measurements,  a  white  

light  bias  was  generated  from  an array  of  diodes.  Red  light  pulse  diodes  

(square  pulse  width,  100 nanosecond  rise  and  fall  time)  controlled   by   a   

fast   solid state   switch   were   used   as   the   perturbation   source. The 

voltage dynamics   were   recorded   on   a   PC interfaced   Keithley  2602 

source   meter   with   a   500  μs  response  time.  The light source used for 

the perturbation was  set  to  a  low  level so to assume the system to be 

linear. The  electron  recombination  lifetime  could  be measured over  a  

range  of  applied  biases  by  varying  the  white  light  bias  intensity.  A 

charge extraction routine was performed before switching to the next light 

intensity  to  measure  the   electron   density   in   the   film.   In   the   charge 

extraction, the illumination source  was  turned  off  in   less than 1 μs,  while  
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simultaneously,  the  cell  was  short  circuited.  The  current, while the device 

is returning  to  V = 0  and  J = 0,  is  integrated  to  estimate the  excess  

charge  in  the  film  at  that  VOC. 

Intensity modulated photo-spectroscopy 

Autolab FRA32M frequency analyzer was connected to an LED driver kit which 

powered a 530 nm high-power LED for intensity modulated photocurrent 

spectroscopy (IMPS) and intensity modulated photovoltage spectroscopy 

(IMVS). A 10% modulation in light intensity was applied for a frequency range 

of 0.1Hz to 10
6
 Hz. A calibrated Si-photodiode (THORLABS) was used to 

calibrate the light intensity that was in fact varied between 0.57 and 22.34 

mW/cm
2
. The charge transport time (τd) and the charge recombination time 

(τrec) of photogenerated charges were obtained from the frequency minimum 

in the Nyquist plot of IMVS and IMPS  spectra by setting τd and τrec equal to 

the inverse of 2π times the minimum frequency measured by IMPS and IMVS 

measurements respectively. NOVA 1.11 software was used for data 

acquisition and analysys. 

Electrochemical impedance spectroscopy 

In the case of monolithic DSSC electrochemical impedance spectroscopy (EIS) 

was performed with a potentiostat/galvanostat (AUTOLAB, PGSTAT 302N) 

and a frequency analayzer (AUTOLAB, FRA32M). EIS was performed in dark 

condition and under illumination (AM 1.5 spectrum) in the range of frequency 

from 1 to 10
5
 Hz with 20 mVrms AC amplitude. Superimposed DC voltage was 

set at the maximum power point of the devices, namely 0.48 V as derived 

from experimental current-voltage curve. All the impedance spectra were 

fitted using appropriate equivalent circuit model
228

 built in NOVA 1.11 

software as reported below. The time constants of the charge transfer (τd) 

and recombination (τrec) phenomena were estimated using the calculated 

resistive and capacitive components of the equivalent circuit reported above. 

The diffusion length (L), were obtained as it follows, according to the 

literature by Halme et.al. 
228
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Figure 91 Equivalent circuit model used to fit the EIS spectra acquired for 
monolithic dye sensitized solar cells 

 

𝜏𝑑 = 𝑅𝑡𝐶µ (1) 

𝜏𝑟𝑒𝑐 = 𝑅𝑟𝑒𝑐𝐶µ (2) 

𝐷 =
𝑑2

𝜏𝑑

 (3) 

𝐿 = √𝐷 𝜏𝑟𝑒𝑐 (4) 

Hall-effect measurements 

In the monolithic dye sensitized solar cells the indium tin oxide (ITO) electrical 

properties namely resistivity, carrier densities and Hall mobility were studied 

with a Hall effect analyzer (Microworld, HMS5300). The measurements were 

performed with a four-probe Van der Pauw method. A mean magnetic field 

intensity of 0.56 T and a probing current of 1 mA were used. The contacts 

were fabricated by thermal evaporating on the edges of each sample a thin 

film of silver that helped removing stray contact resistance between the ITO 

thin film and the instrument gold probes. 
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Photovoltaic 

Solar simulator 

For photovoltaic performance assessments of solid state, monolithic and 

photonic crystals dye sensitized solar cells a Newport Sun Simulator (Oriel 

Sol3A Class AAA) was used. The solar spectrum AM 1.5 was used to measure 

the current density curve. Photovoltaic performance, namely, open circuit 

voltage, short circuit current, fill factor and power conversion efficiency were 

retrieved from this measurement. The solar simulator have been previously 

calibrated in intensity with a NREL certified Oriel Si reference cell. For the 

spectral measurement, a 45W quartz-tungsten-halogen lamp from Newport 

was used to account for attenuation in the measurement system (at 1 sun the 

mismatch factor was found to be 0.994). The active surface area of solid 

state, monolithic and photonic crystals dye sensitized solar cells was limited 

by applying a black physical mask 

Liquid state dye sensitized solar cells current voltage curves were acquired in 

collaboration with Ecole Politechnique Federele de Lausanne in Switzerland at 

the Laboratory of Photonics and Interfaces with solar simulator comprising a 

450 W xenon lamp (Oriel, USA) light source. A Schott K113 Tempax sunlight 

filter (Präzisions Glas & Optik GmbH, Germany) was employed to reduce the 

simulated and actual solar spectrum the mismatch to less than 2%. For data 

acquisition a Keithley model 2400 digital source meter (Keithley, USA) was 

used. The photoactive area of was limited to 0.16 cm
2
 by placing a black mask 

of 4×4 mm
2
  

External quantum Efficiency 

The external quantum efficiency of solid state, monolithic and photonic 

crystals dye sensitized solar cells was measured with a Newport setup 

operating in dc mode without bias and in a dark environment.  

Liquid state dye sensitized solar cells were measured with a monochromatic 

light of a Gemini-180 double monochromator Jobin Yvon Ltd. (UK), powered 

by a 300 W xenon light source (ILC Technology, USA) superimposed on a 10 

mW cm
–2

 LED light. The monochromatic incident light was passed through a 

chopper running at 1.8 Hz frequency. 
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