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Abstract

Abstract

In this thesis a deep investigation on the elegrand optical properties control
of Ta-doped TiQ (TaTO) thin films is presented, with the aim oédHing light on the
open issues concerning this material which has beeantly proposed as a novel
transparent conducting oxide.

In the field of new generation photovoltaic devicesdoped Ti@ already plays
a major role. In this framework, it is possibletéie advantage of its peculiar properties
in the form of an high surface area porous laybo{panode), as well as in a compact
morphology (selective layer) for controlling elemtrseparation / transport mechanisms
in the device. Nonetheless, the ability to addhe intrinsic transparency of TiCa
significant electrical conductivity via extrinsioping with group V elements, like Nb
or Ta, opens the way to its possible implementagi®ithe front transparent conducting
electrode in a possibly all Tibased photovoltaic architecture.

Here, TaTO as well as Txhin films are synthesized by room temperature
Pulsed Laser Deposition on glass substrates follolae thermal treatment. The high
control level achieved for these processes allawshtain compact and nanoporous
morphologies with the proven ability of finely tumg conductivity and transparency,
making this material suitable for several applmas. This capability is thoroughly
investigated with different experimental techniquésying to shed light on the
relationship between the material structure / molpyy and the corresponding
functional properties, and on the ruling physicacmanisms. This study can represent

an important step further not only for the futumglementation of TaTO in novel solar
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cell or other optoelectronic devices, but alsodaeeper comprehension of the behavior

and defect chemistry of Tibased materials.
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In questa tesi viene presentata un’indagine appdif@ sul controllo delle
proprieta elettriche ed ottiche di film sottili @O, drogato con Ta (TaTO), cercando in
particolare di indagare sulle potenzilita di quastateriale recentemente proposto come
ossido trasparente conduttore.

Il TIO, non drogato € un materiale molto conosciuto ediamgnte utilizzato
nel campo dei dispositivi fotovoltaici di nuova geazione, risultando al giorno d’oggi
uno dei componenti fondamentali nell’architettdramolti tipi di celle solari. Questo e
dovuto alle proprieta peculiari della titania chesgono essere sfruttate per i
meccanismi di separazione e trasporto degli elatalbinterno del dispositivo sia nella
forma di uno strato poroso ad alta area superfididcosiddetto fotoanodo), cosi come
in una morfologia compatta (denominato strato Setgt Tuttavia, € stato recentemente
dimostrato come il drogaggio estrinseco del ;,TgOn elementi quali Ta o Nb renda
possibile I'ottenimento di una elevata conducibilglettrica in un materiale altrimenti
isolante, aprendo la strada ad un suo possibilzadaicome elettrodo trasparente e
conduttore all'interno di un’innovativa architettudi cella.

Nell’ambito di questo lavoro, film sottili di TaT® TiO, sono stati depositati a
temperatura ambiente mediante la tecnica di deposiza laser pulsato (PLD) su
substrati di vetro, ed in seguito trattati termiesmte. L'elevato livello di controllo
raggiunto sui processi di sintesi del materialeré®o possibile I'ottenimento di film
caratterizzati da una diversa morfologia (compatborosi), dimostrando la capacita di
poterne controllare in maniera accurata la trasgaree la conducibilita elettrica,
rendendo questo materiale adatto per diverse aazpdici. Inoltre, molteplici tecniche
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sperimentali di caratterizzazione sono state uflie per cercare di comprendere i
mecanismi fisici che regolano il rapporto tra gtrca e morfologia del materiale e le sue
proprieta funzionali. Questo studio pud risultarendamentale per la futura
implementazione del TaTO nelle celle solari di rmgyenerazione e per una piu

profonda comprensione della sua chimica dei difetti
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Introduction

1. Introduction

The energetic supply and its sustainability areobeng nowadays a major
issue. Several energy sources should be consiagmck@xploited in order to fulfill the
development of a globally sustainable society; agnibrem, renewable sources should
play an increasingly important role in the neaufat In particular, big efforts have been
made in the photovoltaic field, since it represeontse of the energy-conversion
technologies with the highest potential due togbssible exploitation of the sun as an
almost infinite energetic source. Up to now the kmaris basically dominated by
crystalline Si-based solar cells, while new genenaphotovoltaic technologies are still
trying to emerge [1]. Nevertheless, in the last {@ars, the discovery of a new branch
of solar cells based on organometal perovskitet ledisorbers are literally conquering
the scene in the scientific community because efetkceptional progress rate at which
they are being developed [2].

In perovskite-based solar cells (and more in geémethe class of dye-sensitized
or guantum-dot-sensitized solar cells) the roleimkerfaces among the different
materials constituting the cell is essential inesrth achieve an efficient charge carrier
separation [3]. Titanium oxide, due to its intrmsransparency and favorable energy
level alignment with respect to the most employgttlabsorbing materials, represents
so far the most efficient electron transporter lehaocking material for several solar
cell architectures [4]; it is establishing a sdrtacselective bridge for the electron path
between the photoactive material (which generdte$ole-electron couple as a photon-
absorption response) and the electrode (which Iyinabllects the electrons at the
anode). For the working principle of a solar celvide, photons have to reach the
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photoactive material; consequently, both Fiénd the electrode have to allow the
transmission of the largest fraction of the solpectrum. In addition to a high
transparency to visible light, the electrode atahede side has to be able to combine as
well a low electrical resistivity. The technolodiceemand in the photovoltaic field for a
material able to conjugate these two propertigawgtited the scientific interest in the
class of Transparent Conducting Oxides (TCOs).

Semiconducting oxides with a wide band gap ¢ 3 eV), are usually
characterized by a good transmittance to visilgletland a poor electrical conductivity.
Some of them can obtain a metal-like conductivityg extrinsic doping (e.g. the
substitution of a certain amount of metal ionsha trystalline structure), constituting
the TCO’s family. Nevertheless, as we already mainbut, the combination of
transparency and conductivity is not the only regment for a TCO, since the
development of new generation solar cell devicegiires an accurate control of the
material interfaces throughout the device. Up ta nihe most employed TCO in dye
sensitized or perovskite-based solar cell devisefluorine-doped tin oxide (FTO).
Nonetheless, it was demonstrated that the FTO - ifiterface at the photoanode can
create an energy barrier which could affect thetgdmnerated electron collection
efficiency [5]. In this framework, the recent diseoy of donor-doped Ti®as a new
family of TCOs, can open the way to a better suiteerface engineering at the anode
side of the device [6]. Moreover, the peculiar mies of donor-doped TiCas a TCO
could be potentially highly interesting also in tiedd of organic light-emitting diodes
(OLEDS), as well as blue GaN-based LEDs [7]. Furtiege, the possibility to tune the
functional properties of Ti@via extrinsic doping together with the ability @btaining
TiO, in a highly surface area nanostructured form (eanoparticles, nanotubes,
nanowires, nanotrees), could be of great advantageseveral applications like
photoanodes for solar cell devices, gas sensingvatelr splitting processes [8-10].

In this work we try to unveil the full potentiaks of Ta-doped Ti©(TaTO)
particularly aiming on its possible future implertegion in new generation solar cell
devices. We focus on the obtainment of a fine @b the functional properties of the
material and on the understanding of the physicathanisms ruling the material
behavior. We investigate the material not only a3GO, but we discuss also its

potential appealing as a selective layer / nanottrad photoanode for the obtainment
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of an all TiQ-based TCO - selective layer — photoanode to bsildgsapplied in solid
state solar cell devices (e.g. dye sensitizeddvys&ite-based solar cells).

The thesis work is structured as follows: we fitsscuss the fundamental
properties of doped and undoped Tifor energy related applications (Chapter 2),
mainly focusing on its fundamental role in the mwattaic field. We then discuss the
main aspects related to the pulsed laser deposéimique applied to the synthesis of
doped oxides thin films in general, and in paracub Ta-doped Ti@(Chapter 3). In
Chapter 4 we show our experimental results on thectional properties control
obtained for TaTO films characterized by a comgactvell as a high surface / volume
ratio morphology (e.g. tree-like shaped morpholfibyj); we present the possibility of
combining the two different morphologies in a nplklayer structured thin film and
the possible related advantages for a future imeigation in solar cell device. In
Chapter 5 we focus on the physical reasons behimevidenced possibility to control
and tune both transmittance and conductivity of Jli@sed films; the involved point
defects are disclosed and discussed based on mgmeal evidences collected adopting
several experimental techniques. In Chapter 6 vesvdiiow the understanding of the
material behavior and its fundamental aspects geothe possibility of overcoming the
limits imposed by a traditional crystallization pess (e.g. annealing atmosphere), with

an ultra-fast temperature cycle applicable for lmiped and undoped TiGhin films.
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The experimental work presented in this thesis peasonally carried out by the
author, with the exception of X-Ray Diffraction €tlpresented results are based on the
collaboration with D. Chrastina, L-NESS, Dipartin@nli Fisica, Politecnico di Milano,
Italy), Positron Annihilation Spectroscopy (the uks presented in Section 5.3 are
based on the collaboration with R. O. Ferragut, ES$, Dipartimento di Fisica,
Politecnico di Milano, Italy) and Secondary lon MaSpectroscopy (the results
presented in Section 6.3.2 are based on the codiibo with T. Acartlirk and U.
Starke, Max Planck Institute for Solid State ResleaBtuttgart, Germany).

The experimental data of the contactless resistameasurements reported in
Section 4.3.3 were collected at the synchrotrohtligource of Elettra (Sincrotrone
Trieste S.C.p.A., Trieste, Italy).

The ultra-fast annealing treatments (discussedhapr 6) were performed in a
home-made fast annealing furnace designed and peitonally by the author in
collaboration with U. Klock during the 3 + 2 montégent abroad during the PhD (Max
Planck Institute for Solid State Research — depamtrof Physical Chemistry of Solids —
Stuttgart, Germany).

The work carried out during the PhD activity had te the active contribution
in the following international conferences:

* FisMat 2013 (Milan, Italy, september 09-13, 2018de of oral contribution:
“Structural, electrical and optical properties cdnostructured Ta-doped TiO
produced by PLD”

* MRS Spring Meeting & Exhibit 2014 (San Francisc@lifornia, USA, April 21-
25, 2014); title of oral contribution: “Nanostructd Ta-doped Ti@as a highly
conducting transparent electrode / functional paotale”

« CIMTEC 2014 -  Forum on New Materials (Montecatini Terme, Italyne 15-
20, 2014); title of oral contribution: “Structuradlectrical and optical properties of
nanostructured Ta-doped THO

e TCM 2014 - 5th international symposium on transpam@onductive materials
(Chania, Crete, Greece, 12-17 October); title af oontribution: “Nanoengineered
Ta-doped TiQ as a highly conducting transparent electrode /ctfanal
photoanode”

 Max Planck Institute, Joachim Maier Department Vébp 2015 (Schloss
Ringberg, Rottach-Egern, Germany, January 12-14150 title of oral
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contribution: “Tuning structural and functional pegties of transparent conducting
Ta-doped TiQ’

SSI 2015 - 20th International Conference on SolidteS lonics (Keystone,
Colorado, USA June 14-19, 2015); title of oral cimition: “Tuning of electrical
and optical properties of TiO2-based polycrystalliftms”

and to the publication of the following peer-reveshpapers, ordered by year:

P. Gondoni, P. Mazzolini, A. M. Pillado Pérez, \udR0, A. Li Bassi, C. S. Casari,
“Morphology-driven electrical and optical propesgiein graded hierarchical
transparent conducting Al:ZnO”,Materials Research Society Symposium
Proceedings1699E., in press, 2014, doi:10.1557/opl.2014424

P. Gondoni, P. Mazzolini, V. Russo, A. PetrozzaKASrivastava, A. Li Bassi, C.
S. Casari, “Enhancing Light Harvesting by Hieraceti Functionally Graded
Transparent Conducting Al-Doped ZnO Nano- and Megviectures”, Solar
Energy Materials & Solar Cel|sl28, 2014, pp 248—253

P. Mazzolini, P. Gondoni, V. Russo, D. ChrastinaS.CCasari, A. Li Bassi,
“Tuning of Electrical and Optical Properties of Hig Conducting and Transparent
Ta-Doped TiQ Polycrystalline Films” The Journal of Physical Chemistry €19,
2015, pp 6988—-6997

P. Gondoni, P. Mazzolini, V. Russo, M. Diani, M. Ath L. Gregoratti, V. De
Renzi, G. Gazzadi, J. Marti-Rujas, C. Casari, A.Bassi, “Tuning electrical
properties of hierarchically assembled Al-doped Zm@noforests by room
temperature Pulsed Laser Depositiofijn Solid Films 594, Part-A, 2015, pp 12-
170

P. Mazzolini, T. Acarttrk, D. Chrastina, U. StarkeS. Casari, G. Gregori and A.
Li Bassi, “Controlling the Electrical Propertie$ dndoped and Ta-doped TiO
Polycrystalline Films Via Ultra-Fast Annealing Treeents”, Advanced Electronic
Materials, forthcoming, 2015 (arXiv:1509.02744)

P. Mazzolini, V. Russo, C.S. Casari, P. GondonN&kao, T. Hitosugi, A. Li Bassi
“Direct Connection Between Structural/VibrationatdaTransport Properties in
Transparent Conducting Ta-Doped FiEIms”, in preparation.

® The author was also involved on the study of Apetd ZnO films during the PhD,

but the results obtained in this framework are aistussed in this dissertation. For
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further details please refer to the PhD thesis.dg&hdoni “Nanostructured transparent
conducting oxides for advanced photovoltaic apgibcs”, 2014, Politecnico di

Milano.
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2. TiO: for energy related applications

TiO; is an abundant and low cost material which cafobed mainly in three
different crystalline forms: the stable rutile, atitt metastable phases anatase and
brookite. Among them, the most important polymorgbs several applications are
rutile and anatase [12]; they are both charactérigea tetragonal symmetry, and can
be represented by a network of FiGctahedron building blocks (see Figuréa) and
(b) [13]). Both these two crystalline structures araracterized by a wide energy
bandgap in the electronic density of stateg<E3 eV for rutile and E~ 3.2 eV for
anatase).

(a) (b)

LS

C
C

el

Figure 1 Crystalline structure of TiQanataséa) and rutile(b) phase, with evidenced Ti@ctahedra
networks; Ti and O atoms are represented in wimiterad respectively. Picture reproduced from [13]

and modified.

TiO, is employed or considered for several energyedlapplications [14], and

usually both anatase and rutile polymorphs arebBlgt especially in presence of phase
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mixtures [15]. The first energy-related peculiaogerty of TiQ which makes it widely
investigated is its high photocatalytic activity ialin could be exploited in water
splitting processes when exposed to UV-light, lgrstiscovered in 1972 [16]; it is
worth to mention that after more than 40 years, T80l remains one of the most
investigated materials as a photocatalyst [17]eOgnoperties like its high resistance to
acids and alkalis coupled with the possibility totaan TiQ, in nanostructured form
characterized by a large surface area (e.g. natdpar nanotubes and nanotrees [18,
19]) have attracted wide interest also for applicest in the fields of lithium ion
batteries and fuel cells [20, 21].

Among the above cited energy fields in which thistenial is employed, one of
the most intriguing and studied ones is photovedtaliQ, forcefully entered in 1991 as
a major player in this research figddie to the breakthrough discovery made by B.
O’Regan and M. Gréatzel of a mixed organic — inorgaolar cell device with a 7.1%
efficiency, belonging to the class of Dye SensdiZgolar cells (DSSCs) [22]. The
working principle of DSSCs is linked to the poskipito obtain an efficient separation
between the photogenerated charge carriers (ehscod holes) thanks to a proper
engineering of the interfaces among the severa¢madd which constitutes the device
[3]. Titanium dioxide represents the perfect maien order to efficiently separate and
collect the electrons at the anode size of the Déflerently from the other applications
discussed so far, in DSSCs TGiGas to be employed in pure anatase phase; this is
because of a higher electron mobility of this ciiste phase with respect to rutile,
coupled with a wider bandgap and a better suitetggnlevel position [1]. Because of
the wide scientific interest aroused by the discpwd DSSCs, several advancements
have been made in the understanding of the physieghanisms behind its working
principles in the following two decades. Nevertlsslethe efficiency improvements
were not as effective than initially foreseen; thistil the rise of the most recent
revolution in the photovoltaic field: the discovesforganometal halide perovskites as

visible-light sensitizers for photovoltaic cells3[2

2.1 Solar cell devices

In order to fully understand the basic role playsdTiO, in these solar cell

devices, the main physical characteristics and thest important solar cell
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configurations in dye sensitized and perovskiteedasolar cells are presented. We then
particularly focus on one of the key componentshefse devices, which constitutes a
crucial interface with Ti@ for the electron collection: the transparent comidigc

electrode.

2.1.1 Dye sensitized solar cells

The general structure (reported Figuré}) and the basic steps involved in the
working principle of a DSSC (represented in Fig@réa)) can be summarized as
follows: an organic molecule, called dye, is adiiveonverting the energy of the
incoming incident light in the formation of eleatrtnole couples (step 1). In the solar
cell architecture, the dye molecules are adsorlbé¢deasurface of nanocrystalline TiO
sintered particles (the photoanode); the intimatetact between them and the proper
TiO, conduction band position are ensuring the po#sitid sensitize the photoanode,
i.e. to efficiently extract the photogenerated &lats (step 2). The extracted electrons
are then collected by the electrode (step 4), wischonstituted by a thin film of a
Transparent Conducting Oxide (TCO, usually F-doped oxide — FTO). Being
transparent to the visible region of the solar spet because of their wide bandgap,
both the anatase particles and the TCO are ensthren@piggest part of the incoming
radiation to reach and be converted by the dyeth@rcathode side of the cell a liquid
electrolyte (usually containing & /I~ redox couple) is acting as a redox shuttle
between the oxidized dye (which is regeneratedtivtaphotogenerated hole transfer,
step 3) and the metallic counter electrode (whscteducing the electrolyte, step 6). It is
important to mention that the dye regeneratiorifiigethe case of; /I~ redox couple
IS a two-step process which involves the formatban intermediate produck;(); this
is strongly decreasing the possibility to have frelsombination processes which could
mainly occur at the interface with the transpamdettrode due to the large amount of
free electrons populating the conduction band eft@O [24].

A crucial point for these device is related to 8tability in time; this issue
mainly drove the necessity to shift from a liquldatrolyte to an all solid-state DSSC.
Here the hole transfer occurs from the dye to &l sebrganic layer (usually the spiro-
MeOTAD) which has to be infiltrated inside the TpiQores in order to obtain an
intimate contact with the dye [25].
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(b)

Solvent A

\»Dye

Energy

Glass

Redox couple (I715)

Nanocrystalline
TiO,

Transbarent electrode Counter electrode
(TCO) (metal)

Counter electrode

Figure 2 Structure of a liquid electrolyte DSS8); in (b) a schematic representation of the basic steps
for the device functioning are reported. Pictungroeuced from [24] and modified.

Nevertheless, the charge separation / collectiothé@se devices is an efficient
process because of the accurate choice of the ialatand of the interfaces among
them; these are ruling the kinetics of the electrole separation (i.e. the typical transfer
— recombination times associated to the chargsfieasteps presented above) [26]. The
employment of a hole transport material (HTM) résuh a single-step electron-hole
recombination mechanism, considerably faster widspect to the double-step
recombination process of ttig /I~ liquid electrolyte. It became thus fundamental for
the device performances the utilization in the eethitecture of a compact Titayer
beneath the nanoporous TBifhotoanode in order to avoid an intimate contativben
the HTM and the TCO: the so called electron setedfayer / hole blocking layer [25].
Despite the big achievements in the know-how of BI®C working principles, the
most stable solid state architecture just reachedard efficiency of 7.2% in 2011 [27]
(basically the same value reached by the first hefficiency DSSC with liquid
electrolyte which opened up the research in tleisl fin 1991 [22]).

2.1.2 Perovskite-based solar cells

The real breakthrough discovery in solid state D88@e in 2012, with a solar
cell with a perovskite light absorber with an ovieeéficiency next to 10% [28]. As it is
possible to appreciate from Figure 3, the only geam the device configuration was
the substitution of the dye with a lead halide pskite as a light absorber material.

10
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S ——

HTM (Spiro-MeOTAD)

et 1.5eV
sele%:ve ]ayer HOMO
R ns*m e
....... . ' &/ (CH;NH,)Pbl,
active e I Tio, MeOTAD

area

Figure 3 Solid-state device and its cross-sectional mesmisire; (a) real solid-state device; (b) cross-
sectional structure; (c) cross-section SEM imadgsélective layer (compact TiD- FTO interface
magnification; (e) schematic energy level diagrdmi®,, (CHsNH3)Pbls, and spiro-MeOTAD.
Modified picture from [28].

This was just the starting point of a steep inaegsthe power conversion
efficiency of the perovskite-based solar cells,chhiip to know already broke the limit
of 20% in less than 3 years of scientific reseamid is thus becoming a serious
competitor of Si-based solar cells for the nexufet[29]. The physical reasons behind
these advancements are related to several peputiperties of this new light absorber,
like its excellent light harvesting performancés favorable match of conduction and
valence band with hole and electron transport rizd$e(spiro-MeOTAD and Ti@
respectively) and an unusually large exciton diffoslength coupled with a high
mobility of the charge carriers [30]. Among theiine tpossibility to add to an efficient
exciton generation the ability to transport the tplgenerated charges before their
effective separation gave rise to the ability oftanting several new solar cell
configurations [31]. The most important architeetiare reported in Figure 4.

Sensitization Meso-Superstructure  Pillared Structure Planar Structure

HTM
Ca -
'T'(.)) '0 e |
l -
"\ 2' .y : Perovskite

e
— A e a®
Selective layer

FTO

Figure 4 Comparison of different perovskite-based solararehitectures. Modified picture from [32].

In particular, it is worth to mention that thanksthe above discussed peculiar
properties of perovskites, it is possible to obtsatar cell architectures without the

11
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employment of sensitized T¥hanoparticles [33], resulting in the possibilibyachieve
an efficient planar structurg@/6 junction). However, what is still always neededalh
of these configurations is the presence of a cotip&@y electron selective layer on top
of the TCO in order to reduce the recombinatiore ramd so to obtain an efficient

electron collection.

2.1.3 TCO - TiO; interface

As already pointed out, the presence of a comp&dt Tayer on top of the
transparent electrode at the anode side is eskamtiarder to preserve the device
efficiency. Nevertheless, the choice of the TCQinsted by the process temperature
needed to synthesize and/or crystallize ;Ti®he deposition of the compact O
selective layer is made on top of the TCO by adrss@y pyrolysis using oxygen as a
carrier gas at a temperature of 450-500 °C, or fog soating followed by a post
annealing treatment performed in air at 500 °C [28). If the device configuration
includes the employment of a mesoporous ;Tghotoanode on top of the already
crystallized selective layer, the process usuatyires the spin coating or the doctor
blade application of a nanoparticle-sized pastiovicdd again by a heating treatment
performed in air in which the temperature is grdiguaised up to 500-550 °C [34].
The overall time needed to complete these temperattcles is in general in the order
of hours. The need to reach (and to maintain), BOhigh temperatures in presence of
oxygen is an extremely demanding condition fortgpe TCO. As a matter of fact, up
to now FTO is the only TCO which is not severelfeafed by such temperature cycles
in presence of oxygen [26]. FTO is one of the mogiortant TCOs not only for its
ability to tolerate oxygen at high temperatures, &lso for its low resistivity (in the
order of 10* Qcm) and transmittance to the visible regiog§Texceeding 80%) which
are basically comparable to the ones of the mosotes indium-tin oxide (ITO) [35].

Nevertheless, the excellent functional propertied=0O are not a sufficient
condition for the device, since the interface wiitlb, has to be carefully considered as
well. When a TCO is brought to contact with an migaor inorganic semiconductor,
the coupling between the work functions of the tmaterials could result in the
formation of an energy barrier for the electromsfer at the electrode interface [36,
37].
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Figure 5 Energy band diagrams of metal and n-type semioctindeontactsEy ,,,, Fermi level of the
metal;E, .., vacuum energyE ., energy of conduction band minimu#y;, energy of valence band
maximum;g,,, metal work functiong, semiconductor work functiory;, electron affinity of the

semiconductor. Picture reproduced from [38].

Being a TCO a degenerate semiconducterthe Fermi leveEy is laying above
the conduction band, it can be considered as al:nitstavork functiong,, is defined as
the energy difference between the,, and the vacuum levél,,. (Figure 5). If a metal
is brought in contact with a semiconductor witrowér work function ¢,,, > ¢,), the
electrons in the semiconductor conduction bandl@aer their energy by flowing into
the metal, which leads to a depletion layer nemr ititerface. Such a layer constitutes
an energy barrier (Schottky barrier) for the elee$r injection from the semiconductor
[39]. Although we are not facing this aspect, ibsld be mentioned that together with
the coupling of the work functions, the height amdth of the energy barrier could be
affected by the presence of surface states atdhecenductor-metal interface [38].
When the metal-semiconductor interface is constlénside a solar cell device, the
presence of a Schottky energy barrier has to kefudbr considered not only at thermal
equilibrium {.e. pure device interface in dark conditions), bubatghen the cell is
illuminated: in such a condition, for the workinginziple already explained in this
chapter, the photogenerated electrons are injantddO, (in both selective layer and
photoanode if present). This causes the formati@quasi-Fermi levek,, next to the

conduction band level., i.e. the intrinsicEr is “pumped up” by the electron injection.
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Consequently, the electron collection efficiencytre anode side could be affected by
an energy barrier at the interface semiconductd® T&hich should become more
severe as the illumination intensity is increaseld [Nevertheless, it should be pointed
out that it is difficult to give an exact and ahgel value of the energy leveise( work
function, electron affinity) of a material, sindeeyy are known to be strictly related to
synthesis, annealing and working conditions [36].

Because of the almost forced choice of FTO and, E® anode materials in
several solar cell devices, the presence of arggrmrrier at this interface has already
been discussed in some works [40, 41]. In 2006 .HSnkith and M. Grétzel [5]
demonstrated the presence of a Schottky barriertter electron collection at the
compact TiQ (selective layer) — FTO interface in solid stat83Ts; this barrier was
able to affect even severely the efficiency of diegices. It was shown how it could be
possible to limit the detrimental effect of thiseegetic barrier by lowering the
concentration of the-type defects in Ti@ (the oxygen vacancies), i.e tuning HEg
level. However, the most efficient approach woulel to choose a better matched
electrode material.

Nevertheless, up to now this implies the neceswityfind another highly
performing TCO able to resist at high temperaturegpresence of oxygen, or to
drastically decrease the temperature needed thesine the Ti@ layers in the cell.
Recently a lot of efforts have been made towardsoserall reduction of the
temperatures needed in the realization of the smhlrdevices, and thus the ability to
obtain TiQ layers in a less demanding temperature cycle delyiinvestigated. J. T.
W. Wanget al. [42] demonstrated the possibility of reducing temperature down to
150 °C for a graphene-T§romposite selective layer synthesized on top efRMO
electrode. Surprisingly, the effect of this comp®snaterial leads to a superior charge
collection in the tested perovskite-based devidesyas proposed that as graphene
should have a work function between that of FTO @it it may reduce the energy
barrier which was shown to be present at the nadteterface [5, 42].

Moreover, in 2014 Zhoet al. reported in a Science paper [43] the possibitity t
increase the device efficiency of a planar strextuperovskite-based solar cell up to
19.3% (device architecture reported in Figure ©. (8his surprisingly high value was
achieved via a fine control of the energy levelgrahent throughout the device

interfaces. In particular the ability to synthesae Yttrium-doped Ti@ selective layer
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(in order to increase its overall conductivity witspect to the undoped material) at low
temperature (150 °C) gave the possibility to ststithe electrode material; in this
case ITO was used as a transparent electrodeae pfaFTO. In order to better match
the work function of the TCO with respect to théestve layer (energy levels of the
functional layers reported in Figure 6 (b)), arrathin polyethyleneimine ethoxylated
(PEIE) layer was physisorbed on the ITO surface dlbtainment of an electrode work
function near (or even lower) to the one of theesile layer (together with its
increased conductivity given by Y-doping) was cdesed the reason of the extremely
high device efficiency obtained.
.5
Au

Spito=ONTE A

3.75 eV

4.0ev  4.0eV

5.1 eV‘

53 eV 5.22eV

ITOPEIE Y:TiO, = Perovskite Spiro-OMeTAD  Au

Figure 6 (a) SEM cross-sectional image of the device. (b) Diagad energy levels (relative to the
vacuum level) of the functional layers of the devfprior to contact). The work functions of each

layer were determined with UV photoelectron spesttopy (UPS). Pictures taken from [43].

2.2 Transparent Conducting Oxides

In the above discussion concerning novel solar dellices we have already
mentioned two of the most performimgtype TCOs: ITO and FTO. Between them,
indium-tin oxide is definitely the most widely emogked one. Nevertheless, due to the
increasing demand of this material (especiallyhmfield of flat panel displays) and the
high price of In, a lot of effort has been madefita its substitution [44]. Several
materials have been investigated, and among thewonirie-doped tin oxide (FTO) and
aluminum-doped zinc oxide (AZO) emerged as suitatdedidates. We already
reported about the temperature stability of FTOiclvimakes it an almost unique TCO
for particular applications, like for example thales cell devices described in Section
2.1.1 and 2.1.2. On the other hand, a big effonn&de in order to obtain flexible
electronic devices with new functional propertied mtrinsically present in common

compact TCO films. From this point of view AZO iseof the most studied materials
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because of the possibility to obtain highly conthgetand transparent thin films even
for room temperature synthesis conditions [45]. éwer, it has been shown how it is
possible to highly control the light scattering peaties of AZO [46], making it highly
appealing for the fabrication of all organic satafl devices [47].

Nevertheless, what recently resulted as the newthbiigy in the TCO’s field,
with an almost immediate industrial applicationagain based on the employment of
indium: the amorphous TCOs, firstly discovered 9@ by H. Hosonet al.[48]. As a
matter of fact, the development of this new clasSGOs which are based on the
overlap of thens orbitals even if the short range order is brolencienced the superior
performances of the amorphous system In-Ga-Zn-[GZ0D) [49, 50].

All the above mentioned materials andype TCOs. Although the ability to
obtain ap-type TCOs could be very appealing especially Far possibility to create
transparenp/n junctions, up to now no valuable materials ablguidill the desired
functional properties have been obtained yet armitable candidate has still to be
found [51]. In the next section the fundamental perties of the TCOs will be

presented, focusing on the class ofriigpe doped oxides.

2.2.1 Fundamental properties of TCOs

The starting point for having a transparent oxglthe bandgap, which should be
higher than 3 eV, i.e. sufficiently large to avaidible light absorption. On the other
hand, a proper amount of extrinsic and intrinsipidg should provide a sufficient
charge carrier concentration to make it conducfive. degenerate semiconductor).
Nevertheless, it is not trivial to combine thes® tlequirements; as a matter of fact,
because of their wide bandgap and large amounharfge carriers required for being
conductive, the optical and electrical propertie3©Os are tightly bonded together.

From a physical point of view, the conductivityof a material is ruled by:

o =eny
wheree is the elementary charge,the carrier concentration apdtheir mobility [39].
There are two possible ways to increment the chaagger concentration of a wide
bandgap oxide. The first one involves the abildypromote the formation of “free
carriers” starting from the basic compound, i.e.rgnnsic doping; the most common
case for oxides is the control of the oxygen sioitietry, although the formation of

oxygen vacancies itself is not always directly iiwead in the promotion of conduction
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electrons in the conduction band [52]. Neverthelgssrder to obtain the low resistivity
values required for a practical application of aO'@¢ ~ 10° — 10* Qcm), the intrinsic

doping alone is not enough; a certain amount (hsualthe order of a few at. %) of
metal ions should be substituted with aliovalemtsiavhich could effectively act as
electron donors for the considered compound [58]s Tesults in the partial filling of

the lowest conduction band with electrons (usuallthe order ofi ~ 10° — 1G* cm).

(a) (b) (c)

Figure 7 (a) Band structure representation of a directgapiconductor with parabolic bands separated
by E 40. (b) Doping-induced (n-type) increase of the agdtgap by an energy amouhEg. (c)
Perturbed band structure and resulting opticalEjaps a consequence of many-body effects.

Shaded areas denote occupied stdtesepresents the Fermi wave vector. Picture takem {54].

As a direct result of the Pauli Exclusion princjplliee occupation of band-edge
states forces higher-energy optical transitions wespect to the original bandgap of the
oxide Ey, (see Figure 7 (a) and (b) for undoped and donpedocompound
respectively). The carrier-induced shifE; is called Moss-Burstein effect [55], and in

the case of a simplified Drude model it can be dieed according to:

AEg =1/, . (3m2n)’/s

wheren is the electron density, is the reduced Planck constant amtis the reduced

effective mass (defined as the reciprocal of theelise sum of the effective masses of

the hole and the electrohe. m*Y =m0 + m'™"). According to the presented

equation, a high doping level results in an inaedasansparency in the UV region due
to increased optical bandgap (represented in Figyeg and (b)). Nevertheless, this has
to be considered as a qualitative description,esthe effect of the nonparabolicity of

the bands (represented in Figure 7 (c)), which a¢dod induced by many-body type

interactions, is not considered in the model [%},%].
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Up to this point, the possibility to obtain an ieased transmittance of the
material as a function of the increased chargdaeralensity of the degenerately doped
material could suggest to maximize However, other two factors are strictly
interconnected with the presence of a highly pdpdl@onduction band: the first one is
the transmittance at high wavelengths and the skcna is the charge carrier mobility.
If the bottom of the conduction band is partialiftetl with carriers, they can be
considered as a free electron gas (Drude modelichwtan absorb electromagnetic
radiation to sustain collective plasma oscillatiabgts resonance frequency. This is the

plasma wavelength,, which can be evaluated as [58]:

by = 2me (252
nee
whereg,, €., ¢, m*, ande denote the dielectric constant of vacuum, the {fighuency
permittivity, the speed of light, the effective rmeasand the electronic charge,
respectively. A direct consequence is that for st part of the TCOs (which are
characterized by a* in the order oD.1m,, wherem,, is the rest mass of the electron),
n has to be limited to a value below?168m* in order to avoid a sensible absorption by
the electrons populating the conduction band inrtbar-IR / visible part of the solar
spectrum [7]. This requirement is even more stictthe case of the solar cell
application of TCOs, where a high transmittancedgavide region of wavelengths is a
preferred property [35].

However, if a sufficiently high electron effectiveass is desired for a TCO in
order to tolerate the presence of an higher coretgo of free electrons in the
conduction band without strongly affecting its samttance, on the other hand a high
m* would be detrimental for the charge carrier mojiliFor degenerately doped
semiconductors, the mobility in presence of a laigeunt of ionized impuritieg;;
(i.e. the substitutional doping elements) shouleyaio the following equation [35]:

_ 3(gp€x)?Rn 1
M T im e NE (&)

whereh is the Planck’s constank; is the dopant concentratiod, is its charge state
(usually +1),&; = (3n%)Y3¢gpe,,h*nt/3 /m*e? is the screening parameter afif is
the screening function for ionized impurity scattgrfor a non-parabolic conduction

band. Moreover, it is worth mentioning that a tamge dopant concentratioN;{ would
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become detrimental for the electron mobility duehe scattering induced by ionized
impurities.

Up to now, we have just considered the effect diriesic defects on the
electrical and optical properties of TCOs, evidagdhe strong interplay between them;
but the effect of intrinsic defects should be cdastd as well. For instance, we just
mention the possible role played by oxygen vacanitieseveral binary compounds: in
this case, inter-bandgap states can be formedintpad available optical transitions
which can decrease the overall transparency of @@ [59, 60].

Presenting the main aspects which are ruling tmetional properties of the
TCOs, the effect of grain boundaries was not carsdl Nevertheless, it should be
mentioned here that the study of polycrystallinegi could be more complicated (e.g.
grain boundary scattering); some of these aspedlls b& discussed during the

presentation of the results as a choice of clarity.

2.3 Donor doped TiO2: a new class of TCOs

At the beginning of this chapter we have alreadgsented the superior
properties of TiQ for photovoltaic applications, discussing its kele played in solar
cell devices. Nevertheless, being a wide bandgamicemductor, TiQ is not
intrinsically conducting due to the reduced amamintharge carriers in the conduction
band. In 2005 it was discovered by the researchpgod T. Hitosugi [6, 61] how it is
possible to combine to its intrinsic good transpayein the visible range a high
conductivity, via substitution of a certain amowftTi atoms with group V elements
such as niobium or tantalum in the anatase cefpalticular, in these works it has been
shown how it is possible to obtain resistivity weduin the order of 2 x T0Qcm for
epitaxially grown thin films.

This discovery sparked the interest on a new amgrmeonsidered application
field for TiO,: the one of TCOs. In order to understand the piatitres of this new
class of d-electron-based TCOs, we here first roarttie state of the art regarding the
synthesis of the material, we then discuss thectlafeemistry which is ruling the
functional properties of doped Ti@nd finally present a comparison between the two
most important Ti@ donor elements (Nb and Ta) which could be emplogeatder to

dope the material.
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2.3.1 Synthesis of transparent conducting TiO2-based thin films

Anatase TiQ thin films have been fabricated by several techesq like Pulsed
Laser Deposition (PLD), Molecular Beam Epitaxy (MBEputtering, Chemical Vapor
Deposition (CVD), sol-gel and spry pyrolysis [62}6Mevertheless, the achievement of
a high conductivity via doping (e.g. Ti substitutiavith Nb and Ta) suitable for TCO
applications has been reported so far just witD Bhd sputtering technique.

The first articles reporting on Tias a TCO, were based on Nb- and Ta-doping
(TNO and TaTO) obtained in epitaxially grown thilmfs via PLD on single crystals of
SrTiO; (001) and LaAlQ (001) substrates [6, 61]. In Figure 8 the eleatrproperties
obtainable with several Nb and Ta doping concepinatare reported. It is possible to
note that the lowest resistivity at room tempemfgor both TNO and TaT@yn ~ 2 %
10* Qcm) is obtained for a similar doping amount (6%tfor NTO, 5 at. % for TaTO,
Figure 8 (a) and (b) respectively).
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Figure 8 (a) Room temperature resistivity and internal traittsince of Nb-doped TiQas a function of
several doping concentrations for epitaxially gratm films on SrTiQ (001) substrates; (b) room
temperature resistivity of Ta-doped Bi@s a function of several doping concentrations for
epitaxially grown thin films on SrTig(001) and LaAlQ@ (001) substrates; in the inset the resistivity
vs temperature is reported for three different cositions; (a) and (b) pictures were taken from

references [7] and [61] respectively.

The extremely low electrical resistivity achievalidg these optimally-doped

TiO, (001)-oriented films was shown to be coupled vaithexcellent (> 90%) internal
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transmittanceto the visible light. These functional propertiesmparable with the top
class TCOs like ITO and FTO, are obtained for arablation of mixed oxides targets
(Ta/Nb,Os — TiO,) in low oxygen partial pressuredp= 1.3 x 10° Pa) with a substrate
temperaturels of ~ 550 °C so to promote the direct formationtlod anatase phase.
High conductivity values for both TNO and TaTO wet#ained as well in a single-step
process with radio-frequency sputtering techniguée@ated SrTi@substratesTi ~ 400
°C) [68].

Nevertheless, the possible future application al devices (e.g. solar cells) of
this new class of TCOs is strictly related to tihdity to obtain doped Ti@films with
comparable functional properties on inexpensivessates, like glass. This generally
implies the obtainment of a randomly-oriented pofgtalline film. It has been
demonstrated that it is possible to obtain highbnhducting TNO films on glass
substrates via both PLD and sputtering techniqu®7[d, while TaTO has been
considerably less studied [78, 79]. To the bestwfknowledge, the lowest resistivity
values at room temperature obtained so far for gugdalline TNO and TaTO thin
films are 4.6 x 18 Qcm and 8.7 x 16 Qcm respectively [70, 79]. However, in order to
obtain highly conductive polycrystalline Tibased TCOs it is necessary to use a two-
step approach, which involves the deposition of mamous films (e.g. by PLD or
sputtering usually at room temperature in presexdidew poy) followed by anex-situ
annealing process in a reducing atmosphere (vacauriy-based, commonly at
temperatures between 500 °C and 600 °C) so asdiacencrystallization to a pure
anatase phase and thus increase the carrier mplulthout compromising the charge
carrier density. In this context, it is notewortthat annealing processes in oxidizing

atmospheres (e.g. air) result in highly insulafiirgs [7].

2.3.2 Defect chemistry of TiO2: intrinsic and extrinsic doping

Bulk TiO; in both the anatase and rutile crystalline forragsally considered as
an intrinsicallyn-type semiconductor. This is related to the likelytainment under
usual synthesis conditions of a stoichiometry déwia which results in a non-
intentional shallow doping [80]. Nonetheless, itpigssible to significantly vary and

control the conductivity of this material as a ftiao of the adopted synthesis

" Defined as the transmittance of the thin film with considering reflection losses
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conditions (e.g. oxygen partial pressure). The aete area which aims at the
identification of the point defects involved in theodification of the electrical
properties of compounds as a function of severath&gis conditions constitutes the
branch of the defect chemistry.

Intrinsic doping: titanium dioxide can result in the non-obvioussamce of a
metal-like conductivity at room temperature; nelreless, this can be obtained just for
the anatase crystalline phase. H. Tanha@l. firstly reported on the different electrical
behavior of nominally extrinsically undoped Ti@natase and rutile thin films [81]. As
it is possible to see from Figure 9, the thin filtresated in an annealing cycle performed
in reducing atmosphere both show a decrease dl#utrical resistivity. Nevertheless,
vacuum annealed anatase films results in a transiti a metallic-state with a sensibly
higher n-type conductivity with respect to rutile, whichegerves a semiconducting
character.
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Figure 9 Resistivity vs 1000/T, measured on sputtering diépdsnatase (A — 300 °C < substrate T <
400 °C) and rutile (R — substrate T > 400 °C) filifi as deposited; (2) vacuum (k30° Pa)
annealed at 400 °C for 2 h; (3) vacuum anneald&@t’C for 2 h. Graph taken from [81].

The decreased resistivity in presence of reducomglitions (low oxygen partial
pressure - @) at high temperatures is an experimentally predidiehavior for the
defect chemistry of Ti@ for both anatase and rutile due to the predominant
concentration of positive charged defects like @tygvacancies and/or titanium
interstitials which are formed in this regime (®nihe electroneutrality in the crystal

should be fulfiled byn = 2[V,;'] or n = 4[Ti;"*"], where the charged defects are

T Considering the conductivity dependency with tlexygen partial pressure at a fixed temperature
o « (pp2)™, where the coefficienin reveals the majority defect ruling the conductinechanism based
on thermodynamic equilibrium considerations.
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represented according to the Kroger-Vink notdtif82]) [83-85]. Nevertheless, only
anatase exhibits a metallic conductivity at roommgerature after the annealing cycle
(see Figure 9). This substantially different conthgcbehavior at room temperature is
still debated, and several theoretical works aresiciering the role of the oxygen
stoichiometry as the key parameter in determinir@, Functional properties [86-88].
In particular, based on Density Functional Thedd¥T) P. Deaket al. found that in
reduced anatase samples theshould be the dominant defect, being shallow ehdag
result in the formation of delocalized electrons the conduction band at room
temperature, while in the rutile structure the &tets remain localized and should be
thermally released (i.e. resulting in the differesanduction mechanism at room
temperature) [87].

On the other hand, if an oxygen-rich atmosphereoissidered (high ), the
defect chemistry of Ti@should be governed by the formationpmfype defects (e.qg.
p = 4[V;/'] orp = 2[0;']). In this case the electronic conductivity of bdtlle crystal
phases should drastically decrease, and in the ahsmatase it has been recently
experimentally demonstrated the possibility to swiio ap-type conductivity [89].

Extrinsic doping: in the case of donor-doped Ti(bnly the group-V elements
Nb or Ta will be considered), the aliovalent at@rekperimentally found to substitute
Ti in both anatase and rutile cells [90]; basecl@ctronautrality conditions, this should
result in the release of an electron:

D,0s + 2Ti%; = 2D;; + 2e' + 2Ti0, + 1/2 0,(9)
where D is indicating the donor element (i.e. Nb or Taypitally, in this case the
oxygen vacancy as well as the hole concentratierdaeply decreased compared to the
undoped case and the electroneutrality condition medified, particularly at
intermediate g, (n = [D7;]) and under oxidizing condition$§ll;;] = 4[Vy;"'] or 2[0;'])
[83, 91]. Nevertheless, also in the case of NbFadoped TiQ a substantial difference
in the conduction mechanism at room temperaturdobes reported as a function of the
crystalline structure: as in the case of intrinbycdoped titanium oxide, while anatase

shows a metallic behavior, rutile is semiconduct{®g]. Resonant photoemission

¥ MS, whereM corresponds to the species (atoms - e.g. Ti, wé&sA V, electrons or holese-or h), S
corresponds to the lattice site occupiedvbye.g. substitutional in a lattice site, or in aterstitial site -
i), andC corresponds to the electronic charge of the speeiative to the site that it occupies, where
represent a resultant positive charge, while ’ represents a negative charge.
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spectroscopy on donor-doped Fi®amples obtained/treated in reducing atmosphere
does not show the presence of defect states wiitleirbandgap and the Fermi level is
located above the conduction band in the case athaa [93]; in contrast for rutile the
defect states appear within the bandgap [94]. Gtadiy, theoretical works based on
DFT calculations found that donor-doped anatasemgtallic while rutile is a
semiconductor due to the presence of electron tsgiping sites (i.e. localized
electrons) [95, 96].

Although the different conducting behavior upon idgpbetween these two
TiO, crystalline structures has been explained, therstill an open question in the
electrical properties of extrinsically doped anataas discussed in section 2.3.1, the
presence of a reducing atmosphere (in both digtdeal, or two-step polycrystalline
growth) is a necessary condition in order to obf&iD,-based TCOs. Nevertheless, in
the case of a large amount of extrinsic dopinghilyl doping level should in principle
pin the electron concentration over a broad rarfgexggen partial pressure (e.g. for a
doping amount of 5 at.%,~ 1.4 x 18" cm® under the hypothesis of 100% donor atoms
replacing Ti -Dy;) making the exposure to rather oxidizing condgidess problematic
in terms of conductivity. One possible explanatimn the oxygen-related loss of
conductivity suggested by Huy et al. [97] is tHa solubility of the donor element in
the anatase lattice is reduced in oxygen-rich ¢onrd, leading to the formation of the
non-doping D,0; phase. However, O-rich conditions are expectedettuce only
slightly the doping element solubility (i.e. thencentration oD;; defects) [78, 98, 99].
For this reason, the obtainment of insulating TN@ @aTO thin films in presence of a
non-reducing atmosphere still represents an opartt pothe understanding of this new
class of TCOs.

Finally, it should be noticed that the cited theiced and experimental works
which are trying to explain the physical mechanidmkind the conducting behaviour
of these oxides are based on the requirement ofstera at a thermodynamic
equilibrium and the possible interaction/assocratiof different defects is not

considered (e.qg. clustering / interplay of différpaint defects).

2.3.3 Comparison between Nb and Ta doping

In optimally doped TNO and TaTO TCOs it has beeswshthat the high charge

carrier density obtainable for epitaxially grow®{Q-oriented thin films is related to the
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extremely high doping efficiency (experimentallyiemtedn ~ 1.4 — 1.6 x 18 cm® for
a 5 — 6 at.% doping, corresponding to an electedease efficiencye > 90% in both
Ta- and Nb-doped systems basednhon [Dr;]) [6, 61]. On the other hand the electron
mobility is approaching in both cases the value @f~ 20 cmiV's'. The overall
resistivity of randomly oriented polycrystalline(xbased TCOs is found to increase
significantly with respect to the epitaxially growones; in the case of Nb
substitutionals, which is largely the most investeggl doping element for TiOthe
resistivity value is shown to be at least doubledhe case of polycrystalline films
(from pmin ~ 2 x 10% Qcm for the epitaxially grown film, tpmin ~ 5 x 10* Qcm for the
randomly oriented one). Both the epitaxial and pofgtalline TCOs are characterized
by a metallic behaviordp/dT > 0, see inset in Figure ®)), showing a constant value
of the charge carrier density as a function Tof(i.e. degenerate semiconductor);
consequently the conductivity (i.e. mobility) resulto be dominated by phonon
scattering [7]. While the charge carrier concergrais not found to be significantly
affected by the presence of grain boundarigssfill in the order of 90% [7]), the
polycrystalline system shows a severe reductiothefelectron mobility /{nax = 8.0
cn?V st for a randomly oriented polycrystalline TNO filn7(]) which leads to an
overall increased resistivity of the thin film witaspect to the epitaxially grown ones.
These data are consistent with the electron efiecthassm™ anisotropy
theoretically predicted for the anatase cell; intfavhile the electron effective mass
orthogonal to the tetragonal axis of the unit @&}l was estimated to be in the range of
0.4 — 0.6 my (Wherem, is the electron rest mass), which is actually uekaal TCO
range [100], the electron effective mass paratiéht tetragonal axis, is found to be
definitely higher since no value lower thas m, has ever been theoretically deduced
from anatase band structure calculations [97, 18ikjce it is known the detrimental
effect of a largen* with respect to the overall mobility (see Sect.1), the reduced
w recorded for TNO polycrystalline films could beampreted as the effect of an almost
randomly oriented electron path along the thin fildue to the presence of several
randomly oriented crystal domains), while in thesecaf epitaxially grown (001)-
oriented films the electron conduction should eitid to the direction orthogonal to
the tetragonal axis of the unit cell (i.e. provglia higher mobility due to the lower
electron effective masay). The predicted positive effect for an electrothganited to

the x-axis of the anatase cell on the overall niytolf the thin film was experimentally
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demonstrated by N. Yamadsd al. [102]. In this work a preferential (001)-orientati
has been obtained for polycrystalline TNO thin 8inthis resulted in the highest
mobility ever recorded for a Ticbased polycrystalline TCQ:E 9.1 cniV's? forn =
1.7 x 1G* cm®). Nonetheless, apart from the evidenced anisatropnductivity of the
anatase cell, the intrinsic effect of grain bourskishould be certainly considered to
play a role in decreasing the overall mobility @iyzrystalline thin films with respect

to the epitaxially grown ones.
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Figure 10 Orthogonal m(a) and parallel pm(b) optical effective mass with respect to theatgdnal axis
of the anatase unit cell of TNO (blue) and TaT&¥]r calculated from DFT by the Perdew-Burke-
Ernzerhof - PBE (dashed lines) and screened hybnictional in the generalized Kohn-Sham-theory
- HSEOG (solid lines) functionals. The circles eg@nt values calculated from the band structure of
the respective supercells. The lines are extrapokfssuming no change in the bands for small
concentration changes. Both pictures are taken fedenrence [97].

It is interesting to note that on the basis of¢bmparison between experimental
data and DFT calculations, H. Hey al. [97, 101] found a dependency of the optical
effective mass in both the cell directions as acfiom of n (Figure 10 (a) and (b) for
orthogonalm, and parallein, optical effective mass with respect to the tetregj@xis
respectively [97]); in particular, a severe inceea$m, with increasing charge carrier
concentration for both TNO and TaTO was evidenéegufe 10 (b)).

Nevertheless, the enhancement of the optical efeeahass withn in the
direction parallel to the main axis of the Ta-doggdtem was calculated to be less than
60% of that occurring in Nb-doped anatase. Thigetioer with a considerably higher
solubility of Ta with respect to Nb in T¥could represent a definitive advantage for
TaTO polycrystalline films with respect to TNO faiCOs application [97]. Despite

these considerations, TaTO is considerably lesiestithen TNO, especially in the case
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of polycrystalline thin films, about which just aw works have been published [78,
79].

2.4 Donor-doped TiO:z in solar cell devices: beyond the TCO

application

Donor-doped Ti@is an interesting material also for applicationgsae of the
TCO field. In fact, several research fields/apglmas which are already employing
TiO, could effectively take advantage of the possipitid control and modify the
functional properties of this material as a functad the presence of an extrinsic doping
element, like electrocatalysis or water splittimggesses [10, 103]. Nevertheless, in the
next sections, and more in general in this thesiskywe decided to particularly focus
on the advantages related to the implementatiodooior-doped Ti@ in solar cell
devices.

2.4.1 Electron selective layer

In Section 2.1 we have already discussed the woniimciples and the possible
architectures of dye sensitized and perovskitecbasalar cells. In particular the
necessity of implementing an electron selective machlayer of TiQ in order to avoid
an intimate contact between the photoactive matand the TCO (i.e. so to reduce
charge carriers back recombination processes) isass$ed for solid state devices.

It has been recently demonstrated that the subistitof the nominally undoped
TiO, selective layer with a Nb-doped one could ledupesior device performances for
both dye sensitized and perovskite-based solas ¢&04, 105]. Since the electron
selective layer should be characterized by a lahkarge carrier density with respect to
the TCO (see Section 2.1.1 and 2.1.2), for thigl loh application the TNO layer is
thermal treated in oxygen-rich atmosphere (accgrdin the defect chemistry
considerations discussed in Section 2.3.2). Theepee of the doping element in the
compact layer was shown to result in an overallease of the device efficiency. This
evidence was discussed to be related to an inateagected electron transport
efficiency with respect to the undoped %i@nd to a better suited energy level
alignment with respect to the FTO electrode. Tast point has to be discussed in light
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of the presence of an energy barrier between tBe Jelective layer and the FTO (see
Section 2.1.3). As discussed by X. Yahal. [105], the presence of Nb in the anatase
cell should increase the charge carrier density wéispect to the undoped material
(although it should be pointed out that the cryig@ion process has been performed in
air, resulting in a non-metallic film); this shouildcrease the electron conductivity of
the selective layer with respect to the undopedernat and bring the Fermi energy
position closer to the conduction band. Consequeathigher but narrower Schottky
barrier results at the interface with the FTO coragawith that for pristine Ti@ Since
the presence of the energetic barrier at the exterfs thought to enable the passage of
electrons from the selective layer to the TCO wankeling effect, the presence of a
sharp and narrower barrier in the case of the dopaterial results in a more efficient
electron transfer to the front electrode. Moreowbe possible presence of a higher
energetic barrier is discussed as a function ofcthiected experimental evidence of a
more efficient ability to block the backward elertrtransport [105].

Although the upshift of the Fermi energy level @bbk present even in the case
of air-annealed TNO, it should be pointed out tthat corresponding effect related to
the formation of a sharper Schottky barrier cowddcbnsidered as a second order effect
under working conditions (i.e. illumination), duethe injection in the selective layer of
the photogenerated electrons which was alreadyshsc to cause the formation of a

guasi-Fermi level close to the conduction banchandelective layer (see Section 2.1.3)

[5].

2.4.2 Photoanode

It has been recently reported in literature onah#ity of increasing the overall
efficiency of DSSC devices using a Nb-doped JJi@anoparticles network as a
photoanode material [106, 107]. The recorded aleetransfer efficiency improvement
is proposed to be connected to an increased carducbvity of the nanoparticles
induced by the presence of the dopant. Neverthelieshould be considered that the
electronic transport throughout an interconnectetivark of nanoparticles is a slow
trap-limited diffusion process due to the presemfea severe amount of grain
boundaries and defects, and so potentially verferdiht with respect to the electronic
conduction expected in a compact layer [4].
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Ta has been tested as a donor element for DSS©@artaates by the research
group of R. Lopez [8, 108]. In this case the imm\performances obtained for the
DSSC tested devices were also connected to théyatwol substitute the sintered
nanoparticle architecture with a hierarchically wno TiO.,-based “nano-forest”

architecture obtained via PLD technique (see [Eidi).

Figure 11 SEM micrography of Ta-doped TjOnano-forest” obtained by PLD and tested as a
photoanode in DSSC devices. On the right a maguifio of a single vertically-oriented “nano-tree”
is shown. Picture taken and modified from refere@te
The improved efficiency is shown to be connectedhis case not only to the
Ta-doping itself, but also to the thin film morpbgl, which could be able in principle
to guarantee a better conductivity in the vertaiaéction (i.e. along the single “nano-
trees”, see Figure 11). Moreover, the ability ofefy controlling the morphology at the
nano- and meso-scale could lead to a light scaggerontrol of the incoming radiation
by the photoanode [11].

2.5 Objectives of this work

The main goal of this thesis work is to developdbged TiQ thin films in
order to study the material functional propertiesparticular we tried to unveil TaTO
full potentialities as a new type of TCO, also dssing on its possible future
implementation in new generation solar cell devees selective layer/photoanode. We
focus on the physical aspects behind the functipr@berties of the material, aiming to
understand and control its defect chemistry asation of several deposition/annealing
conditions (e.g. ¢ dependence, crystallization process) with pamicuiterest on their

relation with stoichiometry and structure at thenaic or nano-scale.
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In order to achieve a fine control on the functigor@perties of the investigated
material and to study the possibility to obtainfelént morphologies (e.g. compact-
porous), PLD technique is chosen to synthesize Ta3 @ell as undoped Tidilms as
it is known to be one of the most effective andhhigcontrollable techniques for the
deposition of functional oxides [109]. Compact adlvas porous polycrystalline films
are obtained via room temperature depositions @ssgkubstrates so as to obtain
amorphous TaTO thin films which are subsequentyrttal treated iex-situannealing
cycles.

Several characterization techniques are systerigticarried out on the
synthesized films in order to determine their maipgy (Scanning Electron
Microscopy - SEM), crystalline structure (Raman @pmescopy), electrical properties
(i.e. resistivity, carrier density and mobility by Van rd®auw and Hall effect
measurements) and optical properties (UV-vis-NIRoaption/transmission/reflection
spectroscopy). Moreover, fruitful external collasions established during the PhD
enabled to enrich the quality of the work:

- D. Chrastina (XRD measurements) and R. O. Ferr@dgositron Annihilation
Spectroscopy — PAS), L-NESS, Dipartimento di Fisiealitecnico di Milano,
Como;

- M. Amati and L. Gregoratti (Scanning Photo Electidicroscopy — SPEM),
Elettra — Sincrotrone Trieste S.C.p.A., Trieste;

- A. Abbotto and N. Manfredi (realization of perovekbased solar cell devices),
Dipartimento scienza dei materiali, universita MdeBicocca, Milano;

- G. Gregori (study on the material defect chemistfy)Acartirk and U. Starke
(Secondary lon Mass Spectroscopy - SIMS), Depaittrokephysical chemistry
of solids, Max Planck Institute for solid stategasch, Stuttgart;

- T. Hitosugi and S. Nakao (synthesis of TNO thim8), Kanagawa Academy of
Science and Technology (KAST), Japan.
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3. Synthesis of doped TiO; thin films

In this chapter we present the basic aspects osythithesis of Ti@based thin
film. After having discussed the main experimeqatameters which can rule the thin
film growth mechanisms with our PLD apparatus (Bect3.1.1), we present the
methods which have been employed to obtain TaTOpksmwith different doping
amounts (Section 3.2). We then focus on the relalipp between the oxygen
background pressure employed during the deposgitiocess and the obtained thin film
morphology (Section 3.3). Finally, we report on tb&-situ thermal treatments

performed on the as deposited samples (Section 3.4)

3.1 Pulsed Laser Deposition technique

Pulsed Laser Deposition is a physical vapor dejposjirocess carried out in a
controlled atmosphere which is appositely obtaimnettie deposition chamber. The PLD
apparatus is schematically represented in FigureHighly energetic laser pulses are
focused on a solid target; its surface is consetypeahlated and the vaporized chemical
species form a plasma with a characteristic pluhaos. The chemical species which
constitute the plume condense on the surface aduhbstrate which is placed in front of
the target, and consequently the film growth tgkase. The ablation and condensation
processes are confined in a closed system: thesdigmochamber. Inside the deposition
chamber, the presence of a pumping and a gassydgedm is ensuring the presence of a

controlled environment in a variable pressure range
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Figure 12 Schematic representation of a PLD apparatus. Mabficture from [110].

The physics of the ablation process and plume estpans a very complex
matter, highly dependent on the background presauttee deposition chamber and on
the gas employed (which could be a passive or ameamedium, i.e. reactive or inert
with respect to the chemical species involved) [11fie laser parameters such as the
pulse energy, the energy density on the targetsarflaser fluence), pulse duration
(nanoseconds vs. pico/femto seconds), wavelenigiiht, polarization, laser repetition
rate (frequency of the impinging pulses) and thiatad material which is constituting
the solid target (e.g. oxide or metal) [111]. A qete description of these processes is
beyond the scope of this work, and just the aspettish result beneficial to the

understanding of this work will be briefly preseste

3.1.1 PLD apparatus and deposition mechanism

The PLD apparatus which has been used to depobsiteathin films studied in
this work is shown in Figure 13. It is equipped &y ontinuum-Quantronix Powerlite
8010 Qswitched Nd:YAG pulsed laser. The most engidowavelength for the
depositions was in the UV, obtained starting frdra fundamental laser wavelength
(IR, 2 = 1064 nm) with two frequency multipliers (4th hmmic, A = 266 nm). The
pulse duration is 6 ns, the energy per pulse wastamaed at 75 mJ, and the repetition
rate at 10 Hz. The laser spot size on the target {faus the laser fluence, having fixed
the energy per pulse) was varied with a plano-cerieas with focal length = 50 cm.
The adopted system is properly designed so to permoto-translation of both target
and substrate; this ensures the ability to obtaih@anogeneous ablation of the target, as
well as the obtainment of several twin samples Bingle deposition process since a
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proper axial offset of the rotating sample holdesults in the formation of a peripheral
circular crown (~ 1 cm wide) of homogeneously déedsmaterial (the adopted target-

substrate misalignment is visible in Figure(@@and(d)).

Figure 13 Apparatus employed for the deposition of the thms studied in this work.

For an oxide target (e.g. T#Dhit by nanosecond laser pulses the ablation
mechanism is mainly controlled by thermal conductiorough the lattice. The range of
laser fluence employed in this experimental worl@ (@ 3 J/crf) and the wavelengths
investigated (mainly limited téd = 266 nm) ensure the absorption of an high energy
density by a small volume of the target materialstiag its vaporization. This laser-
matter interaction process takes place in the fisstdreds of picoseconds and leads to
the formation of a plasma on the target surfaee,a.gas constituted by electrons and
ionized species; the plasma formed during the Pl@rgss possesses the peculiar
characteristic to basically preserve the same mati@tio of the ablated target material.
Since plasma expansion starts when the laser psilséill impinging on the target
surface (nanosecond laser pulse duration), theygmnethen efficiently absorbed by the
plasma itself leading to kinetic energy increaséhefablated species (in the range of 10
— 100 eV) [109-111]. Since the typical timescale tfee ablation plume to reach the
substrate surface (sample holder placed in frotihe@target at a fixed distance of 5 cm)
is in the order of several microseconds, the lasequency employed in our
experiments (10 Hz) ensures that the laser plastegaction is limited to a single shot
process [109].

Once the single pulse is finished the highly engrggdasma plume expands in
the normal direction from the target surface. Tlyaasnics of this process is strictly
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related to the background pressure in the depasitiamber. In particular it is possible
to identify at least two different deposition reg

1. alow pressure regime which ensures a reducecesogtiof the ablated species
with the background gas in the deposition chamipeFigure 14 representdd)
schematically an¢c) shown experimentally);

2. a high-pressure regime in which a large amountaotifssons between ablated
species and gas molecules strongly reduces thalbpkrme energy leading to
its spatial confinement, i.e. expansion up to aalted stopping distance (Figure
14 representefb) schematically an¢d) shown experimentally).

In case 1) the chemical species ablated from thgetigoreserve most of the initial
kinetic energy up to the condensation on the satestsurface (several tens of eV).
Usually this condition leads to an almost atom-byradeposition mechanism, resulting

in a compact, dense thin film morphology.

Low-pressure regime High-pressure regime (reactive gas)
L J L
® o
O o
o) X
P &3
i © O u o
o &
0 0 o
Target Target >
o o
Substrate *
(G) (b) Substrate

Figure 14 Schematic pictures of the plasma plume expansioarmics in presence of(a) low and(b)

high background pressure in the deposition charffetures taken from reference [110] and

modified); (c) and(d) are pictures takeim-situ in our experimental apparatus during the ablabion

TaTO target in presence of an oxygen backgrounsspre of 1 Pa (representative of the low
pressure regime dynami¢s)) and 10 Pa (representative of the high-pressgieneedynamicgb))

respectively.
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On the other hand, in case 2) the presence ofatively high background pressure
during the deposition process is causing the faomabf a travelling shockwave,
leading to a well-defined plume spatial confinemémtfact, the several collisions with
the gas molecules in the surroundings produce arabveduction of the kinetic energy
of the atomic species in the plume (down to eveactions of eV); the radiative de-
excitation mechanisms of the ablated atoms is teehamism behind the brighter color
of the confined plume showed in Figure () with respect to the one obtained at a
lower background pressure (Figure (). These conditions favor the nucleation of
low-energetic clusters in the gas plume beforemeacthe substrate, eventually leading
to the formation of a porous thin film constituteg a nanostructured assembly of
clusters [109, 110]. Although the background presswas been discussed to rule the
film morphology, other parameters like the lasaefice, the mass flow of the incoming
gas and the target-to-substrate distance can batgrio its determination.

Moreover, it should be considered that in this witwk TiG-based thin films are
all deposited in oxygen, meaning a reactive baakgucatmosphere. In this case the gas
molecules which are present in the chamber argusbiable to rule the kinetic energy
of the ablated species, but also play an activeirothe stoichiometry determination of

the obtained thin film.

3.2 Change of the extrinsic doping amount in TiO:-based thin films

Being able to obtain an atom-by-atom condensatidhenablated species and to
transfer to the deposited thin film the cationicictiometry of the target, PLD permits
the deposition of highly complex multicationic dais structures (e.g. layered
superconducting cuprates) [109]. For this reasdins is one of the most indicated
techniques in order to obtain an high control leviethe doping incorporation in thin
films.

In our study case, we focused on the ability ofaotihg Ta-doped thin films
with several nominal doping amounts (Ta = 0 — 1 — 50 at.% with respect to Ti).
Taking advantage from the ability to preserve thgoaic ratio of the ablated material,
TaTO with nominally 5% and 10% doping amount welgamed ablating sintered
Ta05:TiO, (molar ratio of 0.025:0.975 and 0.05:0.95 respebyi starting powders
purity 99.99%) targets. In the case of the undop€x thin films a single component
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target has been used (Li€tarting powder purity 99.9%). In order to obtaitow level

of Ta doping amount an heterogeneous target has treated partially covering the
undoped TiQ target with Ta-metallic wires (purity 99.95%, diarar 0.25 mm). This
led to the deposition of thin films with a Ta camtevhich has been estimated to be

around 1 at.% from XPS measurements, as discuatdri this thesis (Section 4.3.3).

Figure 15 Picture of the heterogeneous target (I$tered disk + Ta metallic wires network) whicksh
been ablated to obtain TaTO thin films with ~ 24@bf Ta-doping amount.

Since it is difficult to state-priori the difference in the ablation rate between
the oxide target and the metallic wires (e.g. lagavelength effect on oxide vs. metal
ablation rate, cylindrical shape of Ta wires), iasvexperimentally found that an
effective doping with high reproducibility is obted for the ablation of an
heterogeneous target with the metallic wire netwituktrated in Figure 15.

3.3 Background pressure-driven morphology

Since among all the Tibased sample depositions the target-to-substrate
distance was maintained as a fixed parameter anthser fluence has been just slightly
varied, we can safely assume that in these condittbe final film morphology is
basically just determined by the oxygen backgropressure adopted during the laser
ablation process (see Section 3.1.1). In orderbtaio a controlled atmosphere in the
deposition chamber, a base vacuum (p < 4 % B@) is previously realized with a
pumping system consisting of a primary and a tuddeoular pump; the desired
background pressure is subsequently achieved legting pure oxygen (5.0 purity

degree) with a mass flow controller.
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Figure 16 SEM micrographies of TaTO films deposited on Sil(llsubstrates at different O background
pressurega) 1 Pa (Ta=1 at.%]b) 5 Pa (Ta = 1 at.%]¢) 10 Pa (Ta =5 at.%jd) 15 Pa (Ta=5
at.%).
Consistently with what has been previously disadiseeSection 3.1.1 we were
able to identify two deposition regimes in room parature PLD of Ti@thin films as a
function of different oxygen background pressupes)(

* po2 £ 2.5 Pa large kinetic energy deposition process (Figude(d) and (c))
leading to a compact thin film morphology (Figu(a));

* po2 = 5 Pg nanoparticles formation in the gas phase and giepo at
significantly lower kinetic energy (Figure 1B) and(d)) leading to a nanoporous
morphology (Figure 1€b), (c) and(d)).

Furthermore, we noticed that while no morphologichinges can be evidenced by
SEM in the case of compact thin films deposited iwide range of g < 2.5 Pa, in the
framework of the second regime nanoparticles askenm vertically oriented
nanostructures which result more “open” and webasated with increasing the oxygen
background pressure (see morphologies obtained.at p — 10 — 15 Pa in Figure 16
(b), (c) and (d) respectively). Consistently, it has been shown th&s leads to the

possibility to control the overall surface areahad porous films obtained, which can be
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tuned in the range of 10 — 10G/mby changing theq and the overall film thickness
[11, 112].

Moreover, once fixed thegp during the ablation process, no morphological
changes were noticeable in L#dased thin films as a function of a different dapi

amount.

3.3.1 Hierarchical growth of TiO»2-based films

The ordered arrangement of Li@ano-sized particles which are formed in the
gas phase during the ablation process is strorgpemtent on thegp in the chamber.
This evidence was discussed in Section 3.1.1 t@lbéed to the ability of changing the
kinetic energy of the species that are reachingsthstrate. In particular it has been
shown in Section 3.3 that in thep= 5 — 15 Pa regime, it is possible to reach a
nanoparticle assembling which leads to a film molpy resembling a nanoforest
[19]. The growth mechanism in this case is sintitaa ballistic deposition model which
is used to study sedimentation phenomena of callgidrticles [113, 114]; in fact, due
to the low kinetic energy regime the incoming nartiples are aggregating without
any significant diffusion mechanism after reachimg substrate [115].

Each tree which is constituting the nanoforest banconceived as growing
starting from a single seed particle deposited o dubstrate (Figure 1(b)). The
growth of every single nanotree is hierarchical asdally evolves in the formation of
bundles in the case of several micrometers thikksfi(Figure 17(a)); their typical
lateral size (and consequently their surface anelacharacteristic porosity) is increased
by increasing theq . The nanotrees (or eventually their bundles) aeracterized by
a vertically connected structure, while they resalbe well spatially separated in the
substrate plane direction (Figure (c}). The nanoparticles which are constituting the
elementary building blocks of the nanostructures aharacterized by a typical

dimension in the order of 10-20 nm (Figure(d)).

" For a too high background pressurg,(im the order of 100 Pa) the typical nanotree stiapest, and
the thin film results in a foam-like microstructyret shown in this work).
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Figure 17 SEM micrographs acquired for TaTO thin films ddfegbon Si substrates ap= 15 Pajfa) a
bundle of nanotrees detached from the substrate @ at.%); magnified details for TaTO
nanoforests{b) nucleation sites (seeds) for the single nanogeasth (Ta = 5 at.%)c) evolution
of vertically oriented and spatially separated nieses (Ta = 5 at.%), (d) high magnification of the
upper part of a nanotree with typical dimensiothef constituting nanopatrticles (Ta = 0 at.%).
The typical dimensions of these hyperbranched ttres range from the
nanometric to the micrometric scale (e.g. leavesndhes, trunks of the nanotrees and
voids among them). For this reason, the possiltiittune the characteristic features of
this morphology as a function of deposition comhs (e.g. po) is thought to have

important implications in light scattering proces§gl5].

3.4 Annealing treatments

All the TiO,-based thin films deposited on soda-lime glass tsales were
systematically investigated by means of Raman spsatpy; the typical feature of all
the as-deposited samples via room temperature BLDe& presence of broad bands
typical of the absence of a long range order. ufa 18, the black line represents the
commonly obtained spectra for the amorphous films.

The samples were usually thermal treat&esituin different atmospheres so to

induce their crystallization. In the case of aimaaling treatments a Lenton muffle
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furnace has been used; the typical thermal cyclgdored in this work involved
heating ramps of 4 — 8 °C/min up to temperatures00f— 550 °C. A dwell time of 1 or
2 hour was usually employed at the peak temperafine cooling ramp in the muffle is
usually not precisely controllable (cooling timetire order of 4 — 5 hours to reach room

temperature starting from 500 — 550 °C) becausts dligh thermal inertia.

as deposited

Intensity [arb. units]

vacuum 550°C
Y IR R SR R SR

100 200 300 400 500 600 700

Raman shift [cm™]

Figure 18 Raman spectra of as-deposited (black line) anduracannealed (red line) TaTO thin films
deposited at 1.25 Pa oxygen background pressutey@itaken from our published work [116] and
modified.

Annealing cycles in vacuum and in controlled atnih@sps at atmospheric
pressure (Ar, N Ar/H, mixture with 3% of H) were performed in a home-made
furnace equipped with a pumping system consistirgyrimary and an Agilent Varian
Turbo-V 250 turbomolecular pump (base vacuusp 9 4 x 10° Pa). The heating and
cooling temperature ramps employed were always taiaigd at 10 °C/min. Several
annealing temperatures (400 — 550 °C) and dwekgifi0 — 60 minutes) have been
investigated.

When a thermal cycle is performed at a temperatudb0 °C the thin films
become polycrystalline and the Raman spectra alvedisv the presence of pure
anatase phase regardless of the thin film morplyolgg. compact / porous),
background annealing atmosphere employed, or #sepce of different amounts of the
extrinsic dopant. The red line in Figure 18 showestiypical Raman spectra obtained for
a TiO,-based thin film annealed in such conditions; h# Raman active modes of

anatase are present: it is possible to identify ttree  modes (with a nominal
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frequency of 144 ci, 197 cm* and 639 crit for (1), (2) and (3) respectively), the8
mode at 399 ciit and the peak at 519 ¢hdue to superposition of the remaining; A
and Bgmodes [117, 118].

The morphology of compact thin films remains almasichanged after the
annealing treatments. In the case of hierarchicgitywwn nanoforests, the annealing
treatment usually leads to a partial sintering @ffanong the nanoparticles which are

constituting their building blocks.

Figure 19 SEM micrographs of TaTO (Ta = 5 at.%) nanotredainbd with room temperature PLD with
a 2 = 15 Pda) as-deposited, arn(th) air annealed at T = 500 °C for 2 hours.

The sintering effect is more evident when the ahing treatment is performed
in the muffle furnace (see Figure 19 to comparentioephology of an as depositéa)
and an air annealefb) TaTO porous film); this is probably related to dscussed
intrinsic high thermal inertia (i.e. slower coolitigne with respect to the home made
furnace). Nonetheless, the overall vertically aeeinnanoforest-shaped morphology is

maintained after the annealing cycles.
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4. Tuning the functional properties of

TiO2-based thin films

In this chapter the ability of controlling the diecal and optical properties of
Ta-doped and undoped Ti@ilms is discussed. In this framework, differehtnt film
morphologies and compositions have been investigalbe results concerning the
functional properties control of compact and pordilles are presented in separate
sections (Section 4.2 and 4.3 respectively). Thadgrd experimental methods for the
electrical and optical characterization of the thilims are presented in Section 4.1. The
electrical characterization of porous thin fiimgjueed an advanced characterization
method with measurements performed at a synchrohligint facility; the basic
principles of the employed technique are presemt&kction 4.3.

Finally, in Section 4.4 the possible advantagea odbmbined compact / porous
morphology on an engineered multi-layer structusediscussed, particularly focusing
on the possible future implementation of an all JFifdsed anode in new generation

solar cell devices.

4.1 Experimental methods

This section is based on the materials and metbecson presented in the PhD
thesis of P. Gondoni [119].
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4.1.1 Electrical measurements: determination of resistivity and charge

carrier density

The electrical properties of all the compact thim$ have been measured in 4-
point probe configuration according to the confagion proposed by Van der Pauw in
1958 [120]. This technique permits the evaluatiérihe electrical resistivity of thin
films with an arbitrary shape under the followingpbthesis:

e the analyzed thin film is connected (i.e. withoatds);
» the 4 electrical contacts are placed on the borafettse sample (see Figure 20);

» the dimension of the electrical contacts is neflegiwith respect to their distance.

Viaz <

Vis

3 Nos=7—

1 L1z
2

Figure 20 Schematic representation of the 4-point probe 8&mPauw configuration. Picture taken from
[119].

As graphically reported in Figure 20, the resistarmn one sample side is
evaluated as follows: a current | is injected bemvevo electrodes (e.q.l), while the
corresponding voltage drop is measured acrossatbeopposite electrodes (e.g4al).

In total 8 resistance values are measured by regerdhe current flow and by
exchanging the electrodes configuration where tireeat flows and the voltage drops
are measured (the adopted notation is reportedgund-20). The recorded resistance
measurements must satisfy the following relations:

R3134 = Ri2,43 | R32,41 = R2314 | R4312 = Rag21 | Ri423 = Ry132

and for symmetry conditions:

_ b _ 8§
Rj134 + Ri243 = Ruz 12 + R3s21 | R3341 + R2314 = Ris3 + Ryq 32

" Where the subscript 12 is representing the disaaif the current flow injected from electrode 2to
TWhere the subscript 43 is representing the voltagp measured between electrodes 3 and 4.

¥ Resistance values of the “side A” of the sample.

8 Resistance values of the “side B” of the sample.
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If these conditions are verified, it is possibleet@luate the average resistance values on
the two sides of the samples, calleg &d R. The sheet resistance of the sampie R
(i.e. resistivity per unit thickness measuredm) is then found as the solution of the

equation

Ra Rp

-5 -
e Rs+e Rs=1

which in the case of a square samplg fRRs = R) can be solved as

R = Vs
5T in2
consequently, from the definition okfhe resistivity of the thin film is
p = de

Whered is the thickness of the thin film, which in thiokk is always evaluated from
cross sectional images with SEM.

Lorentz Force

F=-qv X B
B

Coordinate - - Coordinate
V="

System 24p System

Figure 21 Schematic representation of the Hall effect imaducting film (left) and 4-point probe
configuration employed for the Hall voltage drdp determination along theaxis (right). Picture
taken from [119].

Moreover, additional electrical measurements peréat in different imposed
flowing current — measured voltage drop configuradi in presence of an applied
magnetic field with known intensiti (see Figure 21), enable to separate the charge
carrier densityn and mobilityx contributions from the evaluated value of thestgty
(Hall measurements). This evaluation is possibeuthe hypothesis of a current flow
in an ideal metal within the framework of the Drudeodel [39]; in a classical
description, when a magnetic field is orthogonapplied with respect to the current
flow in a metal-like material, an electrical potahi/ is established due to the Lorentz
force acting on the moving charge carriers (seer€i@1). This potential drop is the
Hall voltage, and is orthogonal to both the magni¢id and the injected currehtand
its magnitude inversely depends on the chargéecalensityn according to:
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vy =1

qnd
whereq represents the charge of the majority carrier (Whcour case is the electron
charge). Experimentallyy is obtained by injectingwhile measuring the potential drop
in crossed configurations (as schematically showthe right side of Figure 21); thé
measurement is repeated and averaged over albHsghpe diagonal configurations, and
it is also performed with a reversed magnetic fieldrder to compensate for possible
offsets. It is thus possible to evaluatéand consequently the mobility, singe= qnu)
for the examined thin film.

The electrical characterization was performed wah Keithley K2400

source/measure unit as a current generator (frddma0to 10 mA), an Agilent 34970A

voltage meter, and a 0.57 T Ecopia permanent magnet

4.1.2 Optical measurements: UV-VIS-NIR absorbance/transmittance

In order to determine the optical properties of thm films, a commercial
spectrophotometer (UV-vis-NIR PerkinElmer) was emypd in the ranga = 250 -
2000 nm. The presence of a light monochromatoramuhtegration sphere around the
tested sample (diameter 150 mm), permit to obtaevalue of the total transmitted
light T over the whole solid angle as a functioniodf the impinging light. Since the
measurement should represent the intrinsic opficaperties of the thin film, the
contribution of the glass substrate has to be densd. For this reason, the total
transmittance of the bare substrate is measuredefasence, and thd of the
investigated sample is normalized with respecth® measured glass contribution by
setting at 100% the intensity at the substratefifitarface.

The spectrophotometer allows also to experimentalyasure the reflectanée
of the thin films. Consequently, the absorbaAad the samples can be estimated as

A=1-T-R

Moreover, since Ti@ is characterized by the presence of a wide bandgap
consideringT andR in the vicinity of its absorption onset it is algossible to estimate
its optical bandgap by means of Tauc plots [121fe Ttheoretical value of the
absorption coefficient for photons of energid®s just above the optical gdfy is given
by [122]

a=C(hv—Eg)'/r
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where C is a constant dependent on the optical transitmatrix element, whiler
indicates the type of transition in the consideneaterial; in the case of the samples
analyzed in this work is equal to 0.5, being TiCcharacterized by indirect band gap
transitions [66]. The graphical representatiorebfas a function of the photon energy
hv should have a linear behavior close to the matealasorption edge (as
experimentally shown in Figure 22); the intercepthe linear fit with the energy axis

represents the optical bandgap of the mateaK E, for a = 0).

TaTO

------- linear fit

Tauc Intensity o (ahv)’’ [a.u.]

33 3.4 3.5 36 3.7
E [eV]

Figure 22 Tauc plot of a vacuum annealed TaTO thin film dsedl at p,= 2 Pa. The red dotted line is

the linear fit exploited in the range of the lineagion in correspondence of the band gap absorptio
As it is possible to note from Figure 22, for a m@accurate realization of the
Tauc plots(ahv)" is considered for the Tauc intensity axis rathentx” [123].

The absorption coefficient of the thin films hasbexperimentally determined

from transmittance and reflectance spectra maksegadi the Lambert-Beer’s law
_ 1T
R A

although in several cases it is possible to nedleetreflectance contribution in the

vicinity of the absorption edge for the optical dgap determination [100], in the case
of TiOs-based thin films th& contribution was found in this work to be fundanan

for a correctE;determination.

4.2 Compact thin films

Several TiQ-based thin films were deposited on soda-lime glasd Si
substrates and subsequently annealed in varioussptrares. As it was pointed out in

Section 3.2, TaTO films with different extrinsic ging levels were tested. Since the
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most thorough investigation was made on Tazl$@mples with a nominal Ta atomic
extrinsic content of 5%, most of the presentedltesre referred to this composition,
which has been demonstrated from literature to Hee dptimal doping amount for
TCO’s application (see Figure fb) [61]); for this reason, when not differently
specified, we will refer in this work to TaTO fohih films with this particular
composition.

In this section, it is firstly considered a serdsompact TaTO samples 150 nm
thick deposited at room temperature in a wide rasfgexygen partial pressuresogo= 1
— 2.25 Pa); the effect of annealing processes pedt in several controlled
atmospheres (Section 4.2.1), of differeat puring the room temperature deposition
process (Section 4.2.2), of a different laser fageemployed during the laser ablation
(Section 4.2.3), and of the film thickness (Secto®.4) is discussed in the framework
of the resulting thin film structural, electricaldhoptical properties. When not otherwise
specified, we will refer in the following sectiomg thin films deposited with a laser
fluence of 0.9 J/cf

Most of the results presented in these sections weblished in a peer reviewed
journal [116]. The accomplished results on theroptiy doped samples are exploited to
study the effect of a different amount of extrindapant (Section 4.2.5).

4.2.1 Effect of ex-situ thermal treatments

As already mentioned in Section 3.4, the as depdgitms with PLD at room
temperature are characterized by an amorphoudwieud@igure 18). The absence of a
long range crystalline order for the as depositéusfis also confirmed by XRD
analysis carried out by D. Chrastina (L-NESS, Dipzento di Fisica, Politecnico di
Milano, Italy) on selected TaTO and undoped Jgamples (PANalytical X'Pert PRO
MRD high-resolution X-ray diffractometer).

Among the several annealing cycles tested on thergmus TiGQ-based
samples, the one at 550 °@or a dwell time of 1 hour (heating and coolingy@s of 10
°C/min) was found to be the most reliable thermgtle in terms of results

reproducibility, and performance (i.e. XRD peakemdity, electrical and optical

" Highest tested temperature due to intrinsic litiitas of the soda-lime glass substrates, i.e. @vsirg
of glass transition temperatufg leading to a substrate softening.
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properties) thermal cycle; for these reasons fromv an in this work we will refer to it
as the'standard annealing”process. An example of the typical XRD spectraioied
for undoped TiQ and TaTO thin films crystallized in a standard ealimg cycle
performed in vacuum is reported in Figure 23. Thesihintense diffraction peaks of the

anatase phase ((101) and (200)) are present.

(101) (200)

| [arb. units]

Figure 23 XRD acquisition ing-26 configuration for TiQ (blue line) and TaTO (red line) films after a
standard vacuum annealing cycle. In the uppergddhte graph, the corresponding anatase
diffraction plane indexes are reported. Picturetakkom reference [116] and modified.
Comparing the XRD diffraction peaks of vacuum ame@daTO and TiQ (red
and blue line respectively in Figure 23) it is pblsto notice that the introduction of
Ta atoms in the crystal lattice seems to increhsdrttensity of the (101) peak, while
simultaneously decreases the (200) one with regpeabe undoped film. This different
intensity ratio was consistently recorded for salveamples i-26 configuration XRD
scans. One possible explanation would imply thatptesence of the doping element is
able to induce a <101> preferred-oriented polyedliise growth: since the <101>
surface has the lowest surface energy for, TiQ4], it has been shown that anatase thin
films grown on amorphous substrates can resulitheerandomly-oriented or <101>
preferred-oriented polycrystalline forms [125]. Mdmeless, the variation in the
intensity ratio could be also ascribable to a defeduced lattice distortion or
disordering strictly related to the presence ofdbping element in the crystal matrix.
Consistently with the last hypothesis, the presaica sensible shift to smaller angles
in both the TaTO peaks with respect to the unddiieg (as visible in Figure 23) could
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be partially related to a lattice expansion dud &oincorporation in substitutional Ti
sites, because the slightly larger ionic size 6P T@.064 nm) with respect to *fi(0.061
nm) [61, 126]. Although the overall intensity sigohthe XRD peaks was not found to
be noticeably affected by the annealing atmosplfieee the crystallinity), we just
mention here that the peak absolute positions em#@ent on the crystallization
atmosphere employed. A complete discussion ohttetase cell parameters evaluated
from the XRD peak positions will be presented ict®® 5.1.2.

Moreover, from the collected XRD data it has beessjble to evaluate the
mean crystalline domain size of the thin films.féwt, crystallites of a finite sizAd
lead to a broadening of a diffraction peak whicln & estimated according to the

Scherrer equation
K2
A(20)cosb
WhereK is a dimensionless shape factor of the order ayuhis the X-ray wavelength
(in our case is the Cudg line which has a = 0.1540562 nm)A(280) is the peak

broadening evaluated at half maximum intensity #hds the Bragg angle. The

Ad

calculatedAd for the analyzed Ti@based thin films annealed in air or vacuum
atmospheres resulted to be comparable to the filickress, which represents the
highest possible recordable value since the Saheguation provides an evaluation of
the mean crystalline domain size in the almostis@rtlirection.

Moreover, an optical microscopy analysis with piaked light (Leitz orthoplan-
pol) of the thin film surface allowed the evaluatiof the grain size in the horizontal
plane. The samples annealed with a standard cyeleraracterized by grains in the
order of tens of micrometers, and the presencénefdbpant doesn’t seem to play a
major role. Such a gigantic expansion of the amataains in the post crystallization
process of amorphous thin films is a peculiar prgpef TiO, which was already
observed by Poret al. [127]. A more detailed discussion on the fine aliéinces
recorded on the crystalline domain size and gramedsion is reported in the
framework of TaTO samples deposited at differept(Bection 4.2.2).

According to the literature evidences discussefiantion 2.3.1, the obtainment
of low resistive TiQ-based thin films is strictly related to the presemf a reducing

atmosphere employed in the crystallization process.
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The amorphous samples show a typical resistivityevaf the order of 1@cm
without showing any significant tendency with redp® the presence of doping (blue
squares in Figure 24). Although it was not possibldiscern the contributions ofand
«'T, this represents a clear indication that the dogmmot active in the amorphous

phase of TiQ.

10
M as deposited
u ® 550°C Standard Vacuum [ |
10" - annealing
10" 5
E 10" 5
G
[« %
107 5 ] / TiO, | TaTO
plem®Vis™| 9.1 9.9 '
-3
18 nlem® |7.1x10"° 1.1x10?'| o
10“ Il 1
TiO, TaTO

(1.25 Pa)

Figure 24 Effect on the resistivity of the crystallizationogess exploited in a standard vacuum annealing
cycle for TiG, and TaTO (deposited in an oxygen background pressful.25 Pa). The resistivity
values for the as deposited films are representétdblue squares, while the crystallized ones with

red circles. In the inset table are reported theilityp and the electron density obtained after the
crystallization process. Picture taken from [116d anodified.

A standard annealing process performed in vacuaa ¢ircles in Figure 24)
results in a drop of nearly 3 orders of magnitude dindoped TiQ reaching a
resistivity value ofp = 9.69 x 10 Qcm, comparable with the best results obtained for
PLD epitaxially grown thin films [62]. The TaTO ffil with the best electrical properties
showed a resistivity value pf= 5.73 x 10 Qcm and sheet resistance R38Q/o (150
nm thick, p. = 1.25 Pa, see Figure 24); to the best of our kedge, the resistivity
value for the TaTO thin film is the lowest reportedliterature for a tantalum-doped
TiO, polycrystalline film and in line with the best réisuobtained with the most
investigated TNO (see Section 2.3.1). We just noentiere that highly conducting
TaTO thin films with comparable electrical propestiwere obtained in a standard
annealing process performed in a reducing atmosgbeged on an ArAHmixture (H =

3%) at atmospheric pressure; this experimentsiaceissed in Section 4.2.2.

™ Too scattereVy, values obtained from Hall measurements
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The difference between the electrical propertieyamfuum annealed TiCand
TaTO mainly resides in the charge carrier densityich for the doped sample is more
than one order of magnitude higher<(7.1 x 18° cm?® andn = 1.1 x 18* cm?* for TiO,
and TaTO respectively, see inset table in Figurg Z4is evidence indicates the
activation of Ta as an effective dopant in the JJ&Datase cell. On the other hand, the
charge carrier concentration recorded for the vacwamnealed Ti®film should be
(see Section 2.3.2).

Apart for the mere resistivity record obtained tbe TaTO film, the most
intriguing aspect which has to be underlined isekeeptionally high electron mobility
value recordedi{ = 9.9 cmiV’s?). In fact, as already discussed in Section 2.&3 n
evidence of mobility values higher than 8%ils™* has ever been reported for randomly
oriented polycrystalline donor doped Ti@hin films [70]. Since this result has been
obtained for Nb-doped samples, which is by far st investigated doping element
for TiO, for TCO application (Section 2.3.1), we note tthegt sensibly higher mobility
value recorded for TaTO could represent the expartad demonstration of the lower
effective mass theoretically predicted by H. A. Haiyal. [97] for Ta with respect to Nb
at high charge carrier concentrations (discusse®eantion 2.3.3). Nevertheless, it
should be mentioned that the role of grain boumdarn determining the electron
mobility value (i.e. charge carrier trapping and&wmattering processes) can play a
relevant role in this framework, and is not taketo iaccount in this discussion.

In order to understand the effect of the standaclum annealing process on
the optical properties of TaTO, in Figure @B is reported the overall characterization
of the sample with the best electrical propertiegyre 24). Looking at the total
transmittance spectra obtained before and aftecrystallization process (as deposited
amorphous TaTO represented by a dotted line, wdftler annealing by a continuous
black line in Figure 25a)), it is possible to note that the total transmit& in the
visible region T.is for 4 = 400 — 700 nm) is sensibly increased after therntial
treatment Tyis = 70.6% and 76.6%). This increment is explainedhgyobtainment of
an ordered structure after the crystallization pssc

The T,is of the crystallized film is basically determineg keflectance Ris =
18.7%, blue line in Figure 2E)), while absorption is as low as 5%. The obtained

fringes and their relative positions are connettelijht interference phenomena due to
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the presence of multiple reflections inside thenfiend are consequently related to its
thickness and the refractive index. Another intingsdifference between the total
transmittance spectra of amorphous and vacuum kath#an films is noticeable at>
1400 nm: the crystallized TaTO shows in the neatH®& absorption tail of the free
carrier plasma wavelength (Section 2.2.1) due & pghesence of a large amount of
conduction electrons, while the as-deposited filmesinot show this peculiar feature.
This is another evidence proving that the dopimgneint is not active in the amorphous
structure.
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Figure 25 (a) Total transmittance (black line), reflectance évlime), and absorbance (red line) spectra of
150 nm thick TaTO film deposited atp= 1.25 Pa crystallized with a standard vacuum alimg
The black dotted line refers to the total transamite of the same sample before the thermal cycle.
Picture taken from [116]. The total transmittanpectra after the vacuum annealing process is
reported also ifb) in order to permit a clear comparison with a twalr O thin film crystallized in
air (green line).
When an equivalent TaTO film is crystallized in @reen line in Figure 2f)),
its overall transmittance in the visible regiorsensibly increased with respect to both
the amorphous and the vacuum annealed ©je=80.0%). This is consistent with the
presence of a well ordered structure also in tise od the air annealed samples, which
is in line with XRD data. The overall transmittarinerease recorded with respect to the
vacuum annealing process could be related to abdemtecrease of the oxygen vacancy
concentration in the anatase structure of theraiealed TaTO [128, 129]. Moreover, as
previously discussed in the case of the amorphibusdlso the air annealed TaTO does
not show a decreasing transmittance in the neaegfon, pointing to the absence of a
large concentration of conduction electrons (gieenin Figure 25b)).
This last point is confirmed by the electrical @dwerization of the TaTO

samples crystallized in air: this annealing atmesphresulted in highly insulating
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samples. In fact, with our experimental setup, &swnot possible to measure the
resistivity of both undoped and doped Zi@ven a standard annealing cycle performed
in nitrogen (99.999 % purity, oxygen concentratmminally < 3 ppm) at atmospheric
pressure resulted in highly insulating samples, @lettrically measurable with our
experimental setup.
Nevertheless, the collected data presented so danad clarify if the TiQ

electrical properties are affected even by a vétle Iconcentration of oxygen in the
crystallization environment, or if the reducing asphere is inducing in the anatase

structure a substantial variation of the thin fatoichiometry.

42.2 Effect of the oxygen partial pressure during the deposition process

The required condition in order to obtain }idased TCOs is the crystallization
from the amorphous phase in a standard annealingegs performed in reducing
atmosphere (e.g. vacuum). Nevertheless, the alaktaptical and structural properties
are found to be all strictly connected to the oxydpackground pressure employed

during the room temperature ablation process.
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Figure 26 Electrical properties of standard vacuum anneatdytcpystalline TaTO 150 nm thick films as
a function of a different¢y employed during deposition process. The blackesreepresent the
resistivity, the blue triangles the charge carc@ncentration and the red square the electron ihobil
Picture taken from [116] and modified.
As visible from Figure 26 the control of the oxygesrtial pressure employed in
the deposition chamber is able to finely rule tieeteical properties of TaTO thin films

even though they were all crystallized in the saxaitu vacuum annealing treatment.
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Resistivity values decrease by more than one @flaragnitude, as theppis reduced
from 2.25 to 1.25 Pa, while increases again wifarther pressure reduction to 1 Pa.
Further analyzing the contributions of mobility acidarge carrier density (reported in
Figure 26 as red squares and blue triangles ragelgtit is possible to identify that the
decrease in the electrical conductivity of the Ta¥@mple deposited at 1 Pa is
connected to the sudden drop of electron mobility 2.7 cniV's?, just after having
reached its maximum value in the sample depositetl26 Pau = 9.9 cniv's?),
despite presenting the highest charge carrier teosthe setif = 1.21 x 16" cm®). A
sensible and continuous decrease of the chargeercdensity is linked to the slight
increase of the deposition pressure, which reattteebowest value for TaTO deposited
at 2.25 Par{ = 9.26 x 16° cm®. On the other hand, also the mobility is slightly
decreasing in the range ofo= 1.25 Pa — 2.25 Pa by increasing tbg pnd the lowest
value of 5.78 cfV''s' is obtained for the sample deposited at the higheggen
partial pressure of the set.
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Figure 27 Electrical properties of standard annealing proa@sd atmospheric pressure in As/H

atmosphere (3% Hi polycrystalline TaTO 150 nm thick films as a ftina of a different g,

employed during deposition process. The blackesrcépresent the resistivity, the blue triangles th
charge carrier concentration and the red squarel#utron mobility.

For the same set of TaTO samples, a standard ampesicle was performed
also in an Ar/H mixture (3% H) at ambient pressure. As it is possible to nobenfr
Figure 27, a very similar trend as a function gf |3 present. In particular the trend of
the charge carrier density is almost superimposdde one shown in Figure 26 for the

same set of vacuum annealed samples, evidenciagyawnilar effect on the activation
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of the doping element between these two reducimgosipheres. Nevertheless, the
mobility values are generally lower with respectttte ones recorded for the standard
vacuum annealing process.

Focusing on the best electrical results of thedaethvacuum annealing (Figure
26), the decreased mobility as a function @f was found to be connected to a reduced
crystallinity outside of the narrow deposition wavd of p, = 1.25 — 1.75 Pa (not
shown).

Consistently, it is shown in Figure 28 that the [ ruling the mean crystalline
domain size dimension of the vacuum annealed Tadi@pkes. The just mentioned
narrow window of deposition pressure for which tngstallinity seems to be higher is
confirmed (mean domain size basically limited bg fiim thickness in the range of
1.25 — 1.75 Pa, Figure 28). Nonetheless, the dvesllles even outside the “best
crystallinity” po, range are always comparable to the thin film theds (150 nm thick
samples). Also the undoped sample (blue filledesin Figure 28) show a comparable
domain size, and the effect of an annealing cyeldopmed in air (empty points in
Figure 28) is shown to just slightly increase theam domain size for both TaTO and
TiO..
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Figure 28 Mean crystalline domain size evaluated from XRO'i@, (blue circles on the left side) and
TaTO films (red squares) as a function of the déffé deposition g, vacuum (filled) and air
(empty) annealed. Picture taken from [116].
As already pointed out in the previous section.lg.2n optical microscopy
analysis of the thin film surface permits to evéduthe grain size in the horizontal

direction. In Figure 29 the effect of the slightadlge of the oxygen partial pressure on
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the overall distribution of the lateral grain dinsean of vacuum annealed samples is

shown.

Figure 29 Surface images captured using optical microscopte palarized light of TaTO films
crystallized in a standard vacuum annealing cyate@eviously deposited at 1 Pa (a), 1.5 Pa (b),
and 2.25 Pa (c). Image taken from [116].

Circular macro-cracks are only observed on theaserbf TaTO deposited at 1
Pa (Figure 29 (a)), although the presence of mgms is noticed. This evidence
could explain its mobility fall shown in Figure 2&urthermore, the macro-grain
dimension is following the trend obtained from tKBD analysis (Figure 28): in the
narrow window of deposition pressures for which XD crystalline domain size is
larger, the grain size is of the order of 2530 (1.25-1.5-1.75 Pa, Figure 29 (b)), while
for higher deposition pressures (2-2.25 Pa) the&ymgrain size decreases down to 10-
15 um (Figure 29 (c)).

As well as the structural and the electrical prapsy also the optical properties
of vacuum annealed TaTO films appear to be coetloy the depositionqgp. As
shown in Figure 30, a tendency to an overall high@nsmittance by increasing the
oxygen partial pressure is present. This is pddibuevident in the near IR-region
where, according to the recorded trend for the gihaarrier density (see Figure 26),
lower transmittance at lower pressures is in agex¢with the relation with the plasma
oscillation frequency (see Section 2.2.1). Also riiean transmittance values (reported
in the inset of Figure 30) generally show higheluga for higher oxygen deposition
pressures, although fopp> 1.5 Pa thd,;s ramains close to values in the order of 80%.
When the TaTO films deposited in the same condstiare crystallized in air, the
behavior is very similar to the one discussed ia pinevious section for the sample
deposited at 1.25 Pa (see Figurg(l2p; in this case no trend is evidenced as a function
of a different p, and theTl,;s is enhanced up to 80% for all the samples witlsbotving
the free carrier absorption in the near-IR regioot Shown).
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Figure 30 Total transmittance spectra of 150 nm thick Tall@d deposited at different;pand

subsequently crystallized in a standard vacuumalimgecycle. In the inset thB,s as a function of

the different p, is shown. Picture taken from [116].

Combining the experimental data collected for tHecteical and optical

characterization, it was possible to obtain a pfahe optical energy gaps (see Section

4.1.2) for the TaTO vacuum annealed films depositedifferent p, as a function of

their charge carrier density, aiming at evaluatihg possible presence of a Moss-

Burstein effect due to the filling of the conductiband (see Section 2.2.1).
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Figure 31 Tauc optical band gap as a functiom&f for standard vacuum annealed TaTO films deposited

at different p,. Charge carrier densities are the same reportEdjure 26. Image taken from [116]

and modified.

As observed in Figure 3E; shows a trend as a function of the charge carrier

density. The reliability of these data is confirm®dthe y-axis intercept of the linear fit,

that is, 3.31 eV, since this value is in line witle band gap of anatase }i(3.2 — 3.4
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eV). Based on the proportionaliy; « 1/m* (n)?/3 (Section 2.2.1), from the slope of
the linear fit it is possible to estimate the megutical electron effective mass to be
m* = 2.9m,, where m, is the electron rest mass. Because of the an@otoharacter
of the anatase cell (Section 2.3.3), the evaluatEttive mass should be considered as
a combination of orthogonat; and parallein; (with respect to the tetragonal unit cell
axis) components, because it is likely that thetede path is almost randomly oriented
since we are dealing with non-oriented polycrystall films. According to the
theoretical values reported in literature and presily discussed in Section 2.3.3, the
electron effective mass evaluated in this work froptical measurements seems to be
consistent. Nonetheless, this value should bejtesichs an estimate because it does not
take into account the many-body effects and th@a@bolicity of the conduction band,
which usually lead to an overestimate of the deduce

Finally, the estimated mean valuermf allows to calculate the expected plasma
wavelength4, (i.e. the light absorption by the “gas” of condant electrons, see
Section 2.2.1). It was found for the TaTO film witie best electrical propertiesofp=
1.25 Pan = 1.1 x 16" cm®) that A, = 4160 nm. This value seems to be consistent
with the transmittance spectra shown in Figurg&?5 although it was not possible to
experimentally validate the maximun), absorption, due to the upper limit of the
spectrophotometeif,,,, = 2000 nm). This high value ofl,, is definitely an advantage
for TCO applications, because for other materialshsas AZO, ITO and FTO the
useful density of the free electrons is limited dghift ( vm*) of Ap in the visible
region (Section 2.2.1).

4.2.3 Effect of the laser fluence

In order to explore the optimization of the depositprocess, the effect of a
different laser fluence for TaTO and Ti@hin films was also exploréﬂ In particular
higher laser fluences were investigated (1.15 3/amd 1.5 J/cf). The amount of
ablated material is related to the energy densityhe target surface, and we have just
discussed in Section 4.2.2 the paramount role glalgg the deposition g in

determining the functional properties of these daspConsequently, in order to

¥ As previously pointed out in Section 4.2, all #&mples analyzed so far were deposited with a laser
fluence of 0.9 J/cfn
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optimize the electrical properties obtained atféed@nt fluence it was necessary to find
the best oxygen background pressure for the chahtigs parameter. It was found that
while in the case of the samples obtained withsarldluence of 0.9 J/chthe optimum
electrical properties were obtained for vacuum atetesamples deposited at 1.25 Pa
(see Figure 26), the increment up to 1.15 3/and 1.5 J/cArequired to decrease the
po2 down to 1 Pa in order to obtain the best condagbroperties. The electrical results
are reported in Figure 32; the use of a higherrldlsence slightly increases the
obtained resistivity of TaTO (from 5.73 x 100 6.47 x 10 Qcm) due to a small
decrease in the free electron density. The mograsting result is related to the
recorded strong enhancement of the electron mgikitit a TaTO sample with the same
thickness (150 nm) deposited at a laser fluenck 18 J/cm (1 Pa Q) it was possible
to increase the mobility with respect to TaTO ot at 0.9 J/c(u = 9.9 cniV's?)

up to 12.5 criv's* (p = 5.90 x 10 Qcm, n = 8.49 x 1 cm®, Rs= 39.3Q/n). For
comparison we studied also a vacuum annealed & nm) film deposited at 1.15
Jlcnt, which showed as well a noticeable increase ireteetron mobility with respect
to the previously tested 0.9 J/tp = 6.46 x 10 Qcm, n = 6.16 x 1 cm?®, u = 15.7
eV st
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Figure 32 Electrical properties of standard vacuum anneatdytcpystalline TaTO 150 nm thick films as
a function of a different laser fluence employediniy deposition process. In the brackets are
reported the employed depositiogppThe black circles represent the resistivity, thee triangles the

charge carrier concentration and the red squareléiogron mobility. Picture taken from [116] and

modified.

In the case of the polycrystalline TaTO film, thighh mobility value obtained

for the 1.15 J/cilaser fluence is approaching the results obtafoedhe epitaxially
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grown TaTO and TNO thin films on single crystal swhtes (Section 2.3.1). As
previously discussed in Section 4.2.1, this re&uther strengthens the hypothesis that
Ta could have several advantages over Nb as a gl@glément because of a lower
theoretically predicted electron effective masgiliesence of a large amount of charge
carriers (Section 2.3.3).

Moreover, such a large mobility value obtaineddaslight increase of the laser
fluence is coupled with a sensible enhancementeflerall transmittance: as shown
in Figure 33, although maintaining almost the saewastivity, T,is was increased of
nearly 5% with respect to the sample deposited®g/@ni, overcoming the important
TCO technological limit of 80%T{;s = 81.1%).
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Figure 33 Total transmittance spectra of 150 nm thick Tail@d deposited at a laser fluence of 0.9
Jlent (black line) and 1.15 J/chfred line) annealed in a standard vacuum annealiolg. Picture
taken from [116] and modified.

42.4 Effect of the film thickness

Once identified the best synthesis conditions ideorto obtain the best
compromise between electrical and optical propefee TaTO transparent conducting
applications (laser fluence 1.15 Jfcipo, = 1 Pa, standard vacuum annealing process),
we focused on the functional properties of a thi¢ken.

We verified that maintaining the very same synthesinditions the electrical
properties are almost independent with respechéoTaTO film thickness: a 295 nm
thick TaTO film showed almost the same resistigifthe 150 nm onep(= 5.90 x 1¢
Qcm for the 150 nm thick, while = 5.57 x 10" Qcm for 295 nm). This consequently

leads to the possibility to linearly decrease thees resistance just increasing the film
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thickness Rs from 39.3Q/o, to 18.9Q/o almost doubling its thickness). Although
comparable, in the case of the thicker thin filmesen higher electron mobility with
respect to the 150 nm film is obtained=( 13 cnfV's), while n is found to be almost
unchanged.

As for the thickness effect on the optical prometithe total transmittance
spectra of the 150 nm (red line) and the 295 nrae(hine) samples are reported in
Figure 34. The nearly doubled thickness resuli decrease im,s of 6% (from 81.1%
to 75.2%).
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Figure 34 Total transmittance spectra of 150 nm and 295meok fTaTO films deposited at a laser
fluence of 1.15 J/cfrand annealed in a standard vacuum process. Ptakee from [116] and
modified.

Nevertheless, it should be pointed out that theced transmittance is basically
due to reflectivity reasons, as absorbance has dlesedy discussed to play a secondary
role in this material (see Figure Z&)). In fact, we note that it could be possible to
engineer the light transmittance at certain wawglen in a very precise way taking
advantage of the position and interspace of thé-aefined and thickness-dependent
interference fringes (e.g. total transmittance ighhan 90% in the regions of
wavelength close to 390 and 480 nm for the 295 hicktTaTO film, blue line in
Figure 34).

4.2.5 Effect of different extrinsic dopant concentrations

The ability disclosed in the thorough work made aptimally doped TaTO
samples to finely control their functional propestihas been exploited for different
concentrations of extrinsic dopants. In particul@r studied an underdoped (Ta content
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= 1 at.%) and overdoped (Ta content = 10 at.%) @mmipn. Since the studied thin
films were not always characterized by the samekitgss, for a sake of work clarity
just the effect on the electrical properties is spreged. In fact, the effect on
transmittance should be studied on samples withvérg same film thickness to be
meaningful, as demonstrated in Section 4.2.4.

As well as in the case of optimally doped TaTQyats found that it is possible
to finely rule the electrical properties of therstard vacuum annealed films by tuning
the @2 during the room temperature deposition procesajnathis was found to be
mostly related to the possibility of changingn a wide range (not shown). Apart from
the sample with Ta = 1 at.% which was exhibiting lilwest resistivity for a deposition
in a p2 = 1 Pa, the best electrical properties for all tiker compositions were
obtained for a @, = 1.25 Pagd, n andu as a function of different Ta doping content are

reported in Figure 35).
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Figure 35Best electrical properties obtained for standamiuan annealed polycrystalline TaTO films as
a function of a different Ta-doping level. The aircles represent the resistivity, the blue tias
the charge carrier concentration and the red sgbharelectron mobility.

First of all we observe that the resistivity belmavfFigure 35) shows a very
similar trend with respect to the epitaxially growaTO thin films with different
doping amounts previously studied by Hitoswggi al. (see Figure 8b)) [61]. In
particulary is decreasing from a value of 6.46 X*1@cm of the undoped sample, down
to 1.64 x 10 Qcm for 1 at.% of Ta, reaching its lowest valuetfor 5% compositionp(
= 5.73 x 10 Qcm). The overdoped composition is slightly incregsihe resistivity £

= 9.82 x 10 Qcm). The obtained absolute values are very sintilahe ones reported
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for the epitaxially grown corresponding composifipthis is an important indication
which allows one to state that the grain boundaaies not playing a major role in
determining the electrical properties of this malefThis evidence is very promising
for a future implementation of Tigbased TCOs in real devices (e.g. solar cells),ind
probably connected to the ability of obtaining tefisnicrometers large grains with a
mean crystalline domain size along the verticaéation which is basically limited by
the film thickness (Figure 28 and Figure 29).

An almost linear increase of the charge carriersidgras a function of the Ta
content is shown (Figure 35), basically confirmthg high dopant activation efficiency
of TiO,-based TCOs (Section 2.3.3).

It is interesting to note that by changing Ta cahteis varying in a very similar
range (16° — 1G* cm?®, blue triangles in Figure 35) as the one obtaifmdthe
optimally doped films deposited at differerf;f§see Figure 26); it is worth to underline
that the physical mechanism which is behind thealbility of the charge carrier
concentration is likely to be different: while clygamg the amount of Ta results in a
variation of the extrinsic doping amount, in theseaf then modulation observed in
samples deposited at differerg;pvith a fixed amount of Ta the role (direct or iredit)
of several intrinsic defects should rule the trend.

Finally, also the electron mobility is found to demse almost linearly as a
function of doping amount (red squares in Figurg. 3is is consistent with the
expected effect due to the presence of an incrgasount of ionized impurities in the
crystal lattice (see Section 2.2.1).

4.3 Porous thin films

The study of the structural, optical and electrigadperties of nanotree-shaped
TiO,-based films is a very complicated matter. In fakitierently from the compact
samples, in this case the film is grown startingnfra nanoparticle assembly with
typical dimension in the range of tens of nanonset®toreover, the surface/volume
ratio of these nanostructured film is very sensitig the oxygen background pressure
employed during the deposition process (Sectioh 3I80 the characterization of these
porous films is a complicated matter, especiallyh@ case of electrical measurements
due to the intrinsic impossibility to employ cragsctional 4-point probe technique (i.e.
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single nanotrees have a weak connectivity on th&datal direction, see 3.3.1). A

detailed analysis of their functional properties aagunction of different synthesis

conditions would require a separate dedicated wewkthese reasons, in the framework
of this thesis some preliminary results and novgleeimental approaches limited to
TiO2-based porous films deposited at 10-15 Pa, potBnirderesting as photoanodes
for photovoltaic devices, are discussed.

4.3.1 Structural properties

An annealing treatment is crystallizing the thilmB in pure anatase phase,
consistently to what discussed for the Fiéased compact thin films (Section 4.2.1).
Nevertheless, fundamental differences have beemdforegarding the annealing
atmosphere employed. In Figure 36, we compare #raaR spectra acquired for ~ 2
um thick TaTO films deposited in the range 10 — E6dRygen background pressure

and subsequently annealed.

14000 L — Standard vacuum annealing
Fast vacuum annealing (10 min dwell 550 °C)

—— Air annealing

12000

10000

8000

6000

Intensity [arb.units]

4000

2000

. 1 \ 1 . 1 . 1 L 1 . 1 . 1
100 200 300 400 500 600 700 800

Raman shift [cm']

Figure 36 Raman spectra acquired for TaTO air annealed (llaep,, = 10 Pa), standard vacuum
annealed (red line, g = 15 Pa) and fast vacuum annealed (bordeauxgines 15 Pa).
The Raman spectra acquired for the air annealiogess (blue line in Figure
36) is comparable to the ones collected for sevEi@b-based compact samples (see
Figure 18). Nonetheless, a different behavior corged for nanotree-shaped thin films
annealed in vacuum atmosphere. A standard annealiolg usually results in the
presence of a strong photoluminescence backgralope of the red line in Figure 36).

This evidence points towards the presence of actéfestructure which eventually
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results in the formation of in-gap states causimptpluminescence. Due to the
extremely high surface area of these porous filntk vespect to the compact ones, it
could be hypothesized that the presence of a regatimosphere can result in a severe
oxygen desorption from the nanoparticles surfacehviare constituting the building
blocks of the film. This would considerably increathe number of defects in the
nanostructures, since their surface is almost Iyotakposed to the annealing
atmosphere.

Based on this hypothesis we reduced from 60 to ibdtes the dwell time of the
annealing cycle (fast vacuum annealing, bordeawx iln Figure 36), trying to reduce
the overall exposure of the thin film to the recgcatmosphere at high temperature (T
= 550 °C). Consistently, we found that in the framek of a fast annealing cycle
performed in vacuum there is a tendency to obtaimendefined anatase peaks with
respect to the standard annealing (bordeaux anicheecespectively in Figure 36).

Nevertheless, it is important to higlight that thdsscussed behavior is not
systematically recorded and different annealingtirents (standard or fast) performed
in the same vacuum level, sometimes turn out iny @ifferent Raman spectra,
eventually showing just the presence of photolusgeace, or on the contrary very
defined anatase peaks. These controversial regetts obtained for Ti@based porous

films regardless of the different amount of dopamig are still under investigation.

4.3.2 Optical properties

The photoluminescence recorded in several Ramastrapaf vacuum annealed
films is sometimes accompanied by a visible damkgmf the samples. This interesting
evidence was already observed in literature foroped TiQ nanoparticles and actually
represents a hot topic (i.e. black titania) esplgcia the field of photocatalytic / water
splitting processes [17]. In this framework, theidemced darkening of the TiO
nanoparticles treated in reducing atmosphere ipgsed to be likely connected to
several reasons related to the formation of a desed superficial layer surrounding the
crystallized nanoparticles, characterized by thes@nce of a severe amount of oxygen
vacancies and hydrogenated states, eventuallytiresui the formation of in-gap states
[17].

In order to in-situ visually monitor the darkenimd the porous films when

subjected to a crystallization process in vacuumoaphere, an experimental setup with
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a camera pointing on the surface of the samplesdeagned. Selected pictures of
TaTO samples surface taken during the temperateaing ramp of a standard
annealing cycle are reported in Figure 37 (rampQ/nin). The darkening effect of the
films is clearly visible for all the porous filmeggardless of the differenppemployed

during the deposition processfp= 5 — 15 Pa), while in the case of the compactpsam

(poz = 1 Pa) no darkening effect is reported (consibtaesith the results presented in
Section 4.2).

Figure 37 Pictures taken during the heating ramp of a stahdiystallization cycle exploited in vacuum
atmosphere of several TaTO samples (depositiospreseported in the top left picture). On the top
left corner, the corresponding temperature wherpitkere was taken is reported.

It is noteworthy that the darkening of the poroasnples starts at very low
temperatures (~ 300 °C) and increases gradualty tipe dwell temperature of 550 °C.
Moreover, we report the evidence that once reatiregeak T, the color of the porous
films is not changing anymore as a function of tlveell time, pointing out that this
could be a very fast process (although we are atiratethis represents just a visual /
superficial evidence). As previously discussed he tase of the Raman spectra, it
should be again remarked that also the darkenifertefs not observed for all the
vacuum annealing cycles, and we are still investigaon this aspect.

Due to the variability of the optical charactegstiobtained after the annealing
processes, in this section just the total tranamitt spectra of the as deposited porous
films is discussed. In particular, we noticed ttie porous films are highly transparent
in the wholeA range tested (see Figure 38). More interestinglg, report on the
possibility to obtain a transmittance incrementhia system soda-lime glass substrate +
TaTO nanotrees with respect to the bare substsptzira reported in Figure 38 are not

normalized with respect to glass).
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Figure 38 Total transmittance spectra of the bare glass matedgilack line) and not-normalized spectra
of Ta:TiG, thin films with different thickness values (325 fion TaTO — red line, and 620 nm TaTO
with 1 at.% - blue line).

In particular, the minimum values of the thickn@sggrference fringes for both
the TaTO films deposited abp= 10 Pa are shown to lay on the baseline of thesgl
while the maximum values result in higher valuegrahsmittance for both the tested
thicknesses of 325 nm and 620 nm. This resultiils ustder investigation, but it is
possible that the low density TiQayer is ruling the determination of its refraetiv
index, eventually resulting in an anti-reflectiveating for the glass substrate. In the
most simple approach, this would happen in a noinadlent angle configuration (the
light is impinging perpendicularly to the surface)en the refractive index of the TiO
layer results to be between those of ajr<rl) and the soda-lime glass substrate (mean
ns ~ 1.5). As a matter of fact, it has been analilficastimated that the refractive index
of nanotree-shaped Ti@ilms with very similar morphology can result ialues of n as

low as 1.28 (supplementary information in referefide?]).

4.3.3 Electrical properties

As already pointed out, it is not possible to deiee the electrical properties of
the nanotree-shaped hierarchically grown Jfil@sed films via a direct application of
the electrical contacts on top of the film (conven&l 4-point measurements approach).
Moreover, the characterization of the cross-plaeédical conductivity is the most
important value to be determined for the nanotressce they are intended for a

photoanode application, the injected electron®ienTiOx-based porous layer are taking
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advantage of the vertically-oriented conductiorhpaittated by the film morphology.
Two different approaches were employed in this warlorder to try to evaluate the
electrical properties of the nanotrees: (a) actliaad (b) a contactless measurement.
a) Direct resistance measurementone possible approach would be to deposit
the hierarchical film on a conductive substratei¢ivhn principle could be made of the
same material in our case, since the thin film inompact form would effectively
represent a TCO) to attempt an electrical contativéen the top of the nanoporous
structure and the bare conductive substrate, ewplihe possibility to perform a
resistance measurement. This approach has beanrilyaeged by our research group to
attempt the measurement of the electrical propgexiea porous film made of AZO
[130]; micromanipulators were employed in ordentimimize the contact area (20 — 30
um?). With this approach it was demonstrated thas ipdssible to extract a resistivity
value for the nanostructured network considering tlontact area of the tip as the

effective section where the current flows (see F@g9 (a) and (b)).

Figure 39 Top view of AZO porous film acquired with SEM. lm)age of the left trace by
micromanipulator tip after an I-V measurement; BE)Msimage of a tip contact in a delimited square
region. Image taken from [130].

The limitation of this approach is connected to theinsic fragility of the
porous network. In fact, the physical contact betwehe micromanipulator tip and the
top of the AZO porous layer could result in thaistural damage of the measured film
(see Figure 39 (b)), and it is consequently diffido state whether the measured
resistance is intrinsically the one of the nanadtmes or the one of the compacted
network.

For this reason we attempted a different approaclihe TiGQ-based nanotrees
aiming to result in a less demanding measuremetit waspect to their intrinsic
structural fragility. A 12um thick TaTO film was deposited app= 15 Pa and

subsequently annealed in vacuum atmosphere witlasa dycle so to induce its
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crystallization (SEM micrography reported in Figut@ (a)). The surface of the film
was subsequently mechanically scratched on topl&M copper grid characterized by
a 8.5um wide metal network and ~ 30n sized voids (Figure 4()). This resulted in
the obtainment of single detached nanotrees, odlbsrof them, on the surface of the
metal grid network (Figure 4(&)). The grid was subsequently reversed and fixedron
insulating mica substrate, and a thin layer of geéd evaporated on top of it (substrate
maintained far from the evaporation source so tmdathe heating of the system). This
procedure resulted in the obtainement of metal pasthe insulating substrate

remarking the void shape of the TEM grid (i.e. neggative) which was subsequently

removed (Figure 4(d)).

Figure 40 Steps for the obtainement of electrically contddiaTO nanotreega) vacuum annealed
TaTO film deposited atgp = 15 Pa (SEM)(b) TEM Cu grid employed as a template for the
scratching of nanotrees (SEMg) scratched nanotrees on the TEM grid network (SEd§))gold
pads evaporated on top of a mica insulating sulest&EM),(e) and(f) TaTO nanotrees constituting
a bridge between the evaporated gold pads (SEMptichl microscope with polarized light).
The nanotrees which were randomly distributed enstirface of the metal grid
network before the evaporation process (Figure(e)p, eventually resulted in an
effective bridge connecting the gold pads (Figudgd) and(f)). As it is visible from
the otpical microscope image reported in Figure (0 the evaporated gold is
superficially covering the nanotree far ends wheddging two separate pads, probably

enabling a good electrical contact. The correeniiication of the bridged metal pads
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would allow to measure the |-V characteristic whettould be intrinsically connected to
the resistance of the nanotrees. Although this Inmperoach is really promising for the
direct determination of the electrical propertiéshe nanotrees, a correct evaluation of
the parameters involved in the measurement anchénsemples preparation (e.g.
determination of the nature of the electrical contzetween the contacted metal pads,
limitations in the applied voltage / current foretmanotree characterization, optimal
thickness of the metal pads in order to obtain ltkest covering / contact of the
nanostructure’s far ends beneath them) are stléumvestigation and up to now it was
not possible to obtain any reliable resistanceazalu

b) Contactless measurements:ithe investigation of cross-plane electrical
transport properties of Tibased nanotrees was performed through an indirect
approach, based on Scanning Photo Electron Micpys¢6PEM) at the ELETTRA
synchrotron facility of Trieste (ESCA microscopyabdine). This approach recently
resulted in the conductivity evaluation of spajiaeparated GaAs nanowires [131] and
consist in a contactless monitoring with photoetatt microscopy of the surface
potential along the individual nanostructures tlsatk the employement of an highly

focused incident photon beam (spot of diameter lemidan 150 nm).
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Figure 41(a) SEM images of GaAs nanowirgb) SPEM image obtained for Gl electron
photoemission spectr&;) schematic representation of the contactless sét-omnitor the
evaluation of the surface potenti&) by collecting spectra from different points alohg t

nanostructure. Picture taken from reference [131].
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The basic principle of this technique consistsagquaring X-ray photoemission
spectra (XPS) along the growth axis direction @& $ipatially separated nanostructures
(see Figure 41c)) and monitoring the presence of a rigid energgiift for XPS peaks.

In fact, if the electrical conductance of the meadustructures is too low to allow an
easy electron flow from the substrate to the pradred, the photoemitted electrons are
not effectively compensated, resulting in the bwipdof a positive surface potentd.
Consequently a rigid shift in the kinetic enerfyl,, of the photoemitted electrons is
recorded; theAE, increases proportionally to the distance from thstratex,

according to the relation [131]
k — X

whereC is a parameter depending on the beam propertiegdjp flux, irradiated area,
electron vyield),o is the electrical conductivity andy the cross section of the
nanostructure at the distangewith respect to the substrate (estimated from SEM
measurements). Th&E, expression implies that the limit in the measwabl
conductivity of the investigated nanostructureasrected to the energetic resolution of
the measurement (low resistivity results in a catglrecovery of the photoemitted
electrons by the substrate leading to non-deteztsihifts). In addition, this technique
allows to obtain surface chemical information abthé probed areas (i.e. from the
analysis of XPS peaks).

A series of TaTO samples ~ ufn thick with a different doping amount (Ta = 0,
1, 5 ad 10 at.%) was deposited at room temperadareSi substrates (since the
experiment requires the presence of a conductingstsate so to permit the
compensation of the photoemitted electrons)xat=p15 Pa, resulting in a very similar
morphology (see Figure 42). We decided to study dletrical properties of this
particular morphology because it is very similatiie one employed in the work made
by R. Ghostet al. in which it has been demonstrated that TaTO nasetwith 1 at.%
of extrinsic doping amount can result in an impwefficiency of DSSCs when

employed as photoanodes [8].
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Figure 42 SEM picture of SPEM analyzed air annealed TaTOp$asrdeposited aipp= 15 Pa with

different doping amounts: Ta = 0 at(®), 1 at.%(b), 5 at.%(c), 10 at.%4(d).

The possibility to obtain twin samples in the sadeposition process allowed
also to directly compare the effect of the anneglprocess and atmosphere. In
particular SPEM measurements were performed ohitiidighted samples in the table

reported below.

Ta[%] Amorphous Air annealed Air + vacuum annealed

The air annealing process employed a dwell tim2 bburs at 500 °C. In order
to prevent the non-reproducibility of the vacuunmealing process (Section 4.3.1), we
found that if the standard cycle is performed a#ftgrrevious crystallization in air, the
resulting Raman spectra of all the films show asmtpeaks as intense as the ones

obtained after the air annealing process, althowgyifi characterized by a
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photoluminescence background (see Figure 43). We aport for these very thick
films the presence of rutile (R) and brookite (Bpgs (dotted pink and yellow lines in
Figure 43). Nontheless, the presence of these paymorphs should be limited to a
very low amount with respect to the predominantt@s®e phase [118]. Nonetheless, it
has been already reported that the increase abxixgen background pressure during
the PLD deposition process can eventually leadh&o formation of secondary T;O
polymorphs after an annealing cycle performed enringe of 500 °C [110]. Moreover,
no darkening effect was obtained for all the araeuum annealed samples (see Section
4.3.2).
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Figure 43Raman spectra acquired for the SPEM analyzed unddig® films (a) air annealed, an()
air + standard vacuum annealed. Letters refer toafdatase, B = brookite, R = rutile.
The TiO-based films on Si substrates were cleaved and tedwn a sample

holder in order to expose to the photon flux thessrsection of the film (see Figure 44).

Silicon substrate (7x3.5 mm)

Figure 44 Mounting system and configuration employed for #/EM investigation.

The X-ray beam produced by synchrotron sourcedsded on the sample cross
section by means of Fresnel zone-plate opticssplaé diameter can be as small as 150
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nm. We operate our experiments in an imaging spetroscopy mode: a chosen area

of the sample is mapped by collecting photoelestrimna previously chosen kinetic

energy range while scanning the sample with regpeitie microprobe. In particular we

studied the acquired maps for Ti 2p and O 1s pélksse images were acquired with a

dwell time of 50 ms, so to avoid a chemical modifion of the sample. The

photoemission spectra were recorded at a fixedogohenergy of 675 eV; all the

reported spectra are plotted as a function of tinetic energy (KE), so the photon

energy is essential in order to derive the corredpw binding energy scale (BE).

TiO2 Ti2p
PE=40 KE=2135

=m0z Tzp

W |PE=40 KE=2135 peak/background ch(41-33/32-26)}

Y AL 5:"\ g o e 4

i

Intensity (counts/sec/pixel)

212

214 216
E(eV)

Free hand line profile
TiO2 Ti2p P=40 KE=2135

Figure 45 (a) SPEM map of the cross section of the 78ample acquired from the Ti 2p core level;

pixels are reported on the x- and y-axis; the lstéend the colored rectangles are representing the

map regions where the spectra show(b)where extractedc) Map resulting from the ratio

between the chosen energetic intervals of the ffezdk/background) from the spectra of the original

map(a); the red line is representing the free hand lirtdile which has been extracted(ah). On the

x-axis of(d) pixels are reported (0O = bottom of the nanostm&jtuwhile on the y-axis the intensity of

the peak/background is reported.
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The possible presence and evaluation of an energhtft along the single

nanostructures was evaluated according to thewolilp procedure:

76

» Acquisition of a SPEM chemical map correspondingtie XPS peak of an

element (e.g. Ti 2p); an example is reported iruFggt5(a), where the numbers
on the x- and y-axis represent the number of pixalery pixel represents the area
of the XPS spectrum for the selected energeticrniatecorresponding to the
chosen peak element under investigation (resuftmigm the 50 ms impinging of
the probe spot of ~ 150 nm).

It is possible to extract an average spectrum Setean area in the map.
Comparing the spectra derived from different x poss along a single
nanostructure it is possible to evaluate the pEsef a top-to-bottom energetic
shift (see Figure 4f)). Moreover, from these spectra it is possibledenitify the
presence of a chemical change along the nanosteu@ttnich would change the
shape of the acquired peaks).

If the shape of the peaks is reasonably simila. (no significant chemical
variations are recorded), it is possible to higmiithe energetic shift by properly
choosing an intensity ratio between two fixed ertcgintervals of the peak (e.g.
left part of the peak/beakground) so to obtaindangeak/background intensities
when moving from the bottom to the top of the nanmsures in the case of a
recorded energetic shift. In this way, the enecggtiift can be graphically shown
as reported in Figure 4@), i.e. as a map in which the different intensityttod
colors represents the different resulting peak/gemknd intensity.

By the identification of a line profile along a gle nanotree, it is possible to plot
the peak/background intensity as a function ofdiséance from the substrate (see
Figure 45(d)). The peak/background intensity can be conventedn energetic
scale (eV) under the hypothesis of spectra haviegsame shape, i.e. chemical
composition (evaluation of the top-to-bottom enéogeshift from spectra
extracted from the original map, like red-blue spacshift in Figure 45b)), so
evidencing and estimating the presence ofABg as a function of the distance
from the substrate.

We obtained different maps for every element (€i®p) in different regions of
the sample, and we averaged the obtained linel@gsotiver several different

nanostructures so to obtain more reliable data.
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The complete analysis of all the collected dagarésented in the master thesis of E. De
March (“Contactless Measurement of Electrical Proge in TiQ-based Tree-like
Nano and Mesostructures”, Politecnico di Milanaaagemic year 2014-2015) in which |
was involved as co-supervisor. The results obtaioethe Ti 2p signal for all the tested
TiO2-based samples crystallized in air atmosphereegerted in Figure 46: an almost
linear behavior is recorded from the mean valugb®finalyzed samples.

Air annealed TiO,-based samples (Ti 2p)

- - *
sl |7 TO; 4
L ~o-- TaTO (Ta=1 at.%) °
030 L e TaTO (Ta=5 at.%) ;"..:‘: .
~-o--TaTO (Ta =10 at.%) fe

0.25

0.20

0.15

AE shift [eV]
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Figure 46 Mean energetic shift evaluated for air annealé€d,-based samples starting from single
nanotrees as a function of the distance from thiivoof the analyzed structure.

Assuming that the larger the slope of the almastdr recorded behavior (Figure
46), the more resistive are the nanotrees, it ssipte to state that the air annealed Ta-
doped nanotrees are intrinsically more conductivéh wespect to the undoped O
ones for all the tested compositions. Nonethelassinternal trend among the TaTO
samples can be underlined: in particular, the Ta&@ple with Ta = 1 at.% shows the
lowest resistance, while the recorded slope for Baand 10 at.% is almost equal.

This highlights a different behavior with respeztiie compact films, for which
the optimum doping concentration for obtaining best electrical properties was found
to be 5 at.%. Nevertheless, it is possible thahecase of nanotree structures the best
amount of extrinsic ionized defects is reduced twehe tens of nanometer sized
particles which are constituting the building blsai the porous films (with respect to
the tens of micrometer sized grains of the com|zaetrs, see Section 4.2.1). Moreover,

these results are in line with the increased phwteat in DSSCs obtained by R. Ghosh
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et al. for air annealed hierarchically grown Ta:piQlra ~ 1 at.%) photoanodes with
respect to undoped T¥®nes [8], pointing towards the possibility to tuhe functional
properties of this material even in the nanostmactdorm.

Up to now, the analysis was limited to the Ti 2gneéntal maps. For the
working principle of this technique, the presendeaorigid energetic shift in the
acquired spectra should be present for all theyaadl XPS peaks. Nevertheless, the
results of the SPEM measurements performed on @idleot always show the same
trend as the ones showed for Ti 2p. In particuldrile in the case of the air annealed
TiO, sample a very good agreement with respect to itap Tesults was found, for all
the Ta-doped samples no energy shift for O 1s Weeslg detectable (not shown). We
are still investigating on this point, but thereultbbe several reasons related to this
evidence. The most probable one is connected tesehsibly larger O 1s energetic
spectra with respect to the Ti 2p one, which leada more difficult evaluation of the
energetic shift especially in the case of lok In fact, the O 1s shift was detected just
for the most resistive sample (undoped Ji€ke Figure 46).

Moreover, following the same experimental proceduesalso investigated the
effect of different thermal treatments on Fiénd TaTO (Ta = 5 at.%) nanotrees. This

analysis is limited to the Ti 2p maps for the afeationed reasons.
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Figure 47 Mean energetic shift evaluated for Fi@) and TaTQ(b) nanotrees exposed to different
treatments as a function of the distance from titeoln of the analyzed structures.
The data for the as deposited samples (black Imésgure 47(a) and(b) for
TiO, and TaTO respectively) show a similar slope fag tmdoped and the doped
sample. This is consistent with a similar resistanaf these two amorphous

nanostructers, as already discussed for the catfieeafompact non crystallized films

78



Tuning the functional properties of Ti®ased thin films

(see Section 4.2.1). While the air annealing treatnresults in an almost unchanged
XPS shift trend for the undoped films with respiecthe as-deposited one, in the case of
TaTO the recorded energetic shift along the axithefnanostructures is significantly
diminished compared to the amorphous one (blus im&igure 44a) and(b) for TiO;
and TaTO respectively). The different behavior lestw the crystallized undoped and
TaTO could suggest a certain degree of extrinsmrdpactivation in the air annealed
nanostructured films which was not detectable & dhse of the compact morphology
(air annealing resulted in non-electrically meabl#asamples, see Section 4.2.1).
Nonetheless, the most intriguing result is relatedthe possibility to reduce the
resistance of both the undoped and doped nanaotriees the air annealing process is
followed by a vacuum standard one (red lines inufggd7(a) and(b) for TiO, and
TaTO respectively): both the spectra show a fl&t profile as a function ofx,
indicating that the nanotrees became too conduftivéhe sensitivity of the technique
(intrinsically limited by the energetic resolution)

This last evidence is similar with the one obtaifiedvacuum annealed Ti©
based compact films, but most importantly opensoupe possibility to test this kind of
thermal treatment for DSSC Ti(photoanodes, in order to study if the increased
conductivity of the porous network could result &n overall increase of the
photovoltaic cell efficiency. On the other handsliould be considered that a too large
concentration of charge carriers in the photoancalédd lead to an increase of the
recombination phenomena with photogenerated hoieméte contact between
photoactive material and porous B)ONonetheless, we point out that the proved abilit
to change in a controlled manner the electricaperties of TiQ-based porous films,
constitutes an extremely appealing ability whickildde exploited in the framework of
several fields (see Chapter 2).

All the considerations made so far are valid in ftenework of an internal
comparison among the studied samples. Nonethetesspossible to obtain a rough
estimate of the total resistance of the “averageé-tike structures. The values of the
total resistance can be computed by taking the mmaxi AE recorded for a sample
showing a trend as a function gk (top of the nanostructure) and dividing it by the
electron current value which is required to compém$or the photon-induced charging
(experimentally measurdd= 60 pA). The resistance of the air annealed, Ti@nhotrees

was estimated to be around %2Gwhile the one of air annealed TaTO with 1 at.%
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doping was one order of magnitude lower (~ 08)GAntermediate and very similar
values were calculated for TaTO with Ta =5 an&til% (~ 2 ®).

Finally, also unfocused survey XPS spectra weraliged to monitor the Ta
relative content with respect to Ti in the dopddh$. By considering the area ratios
between Ta 4f and Ti 2p signals for the doped sasiphas been found that TaTO with
a nominal Ta content of 10 at.% has almost twieeTth content of TaTO with Ta =5
at.%, while the tantalum content of TaTO with noaliyy 1 at.% (obtained by laser
ablation of a heterogeneous target, see Sectigm@<2 evaluated in the range of 1.28%
and 1.44% (considering as exact reference eitreevdtue obtained for the 10 at% or
for the 5 at.% respectively). Nevertheless, it $thdae pointed out that an absolute

guantitative analysis is extremely difficult in &ngse of a standard sample reference.

4.4 TiOz-based multi-layers

After the obtainment of the functional propertiesirol of compact and porous
layers, the possibility to experimentally synthesiznulti-layer structures was
investigated. This is a very interesting opportyngince it could result in the ability of
obtaining an all Ti@based TCO + selective layer + photoanode for sckf
applications; this novel multi-layer architectureutd represent the possibility to
properly investigate the role played by the inteefaat the anode side of the device,

eventually leading to an overall efficiency impravent of the cell (see Section 2.1.3).

Figure 48 Multi-layer TaTO architectures obtained by PLD @bm temperature in a single deposition
process(a) Compact + porous multi-layefh) inverted morphology. The colors are highlightihg t

different layers, underling the active role thepwld play in the structure.

Exploiting the high control level achieved in theDPdeposition of TiQ-based

thin films, we demonstrated the possibility to abtseveral multi-layer configurations.
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In Figure 48(a) an obtained compact + porous TaTO architectunep®rted. This
structure was achieved by changing the guring a single deposition process: the 150
nm thick compact layer was deposited aba$ 1.25 Pa, while rising theppup to 10
Pa, the 1.&m thick porous layer was obtained on top of it.sTparticular architecture
could represent an effective TCO + photoanode Isigitbor liquid DSSC (due to the
absence of the selective layer, see Section 2.0i)the other hand, as previously
demonstrated in Section 4.3.2, the porous layeldcalso act as an anti-reflection
coating with respect to the glass substrate (sger€&i38). In this framework has to be
intended the reversed architecture proposed inr&ig8(b), in which the thickness of
the thin films was maintained equal to the previoasfiguration, but the porous layer
is placed beneath the compact one; in this caseahetree-shaped layer is employed
with the aim of obtaining an overall increase oé ttotal transmittance, while the
compact one is intended to work again as a TCO.ekdent increase of the top
compact layer roughness is noticeable with resjoettie one directly deposited on the
bare glass substrate; this could clearly affectctsductivity in view of a TCO
application. Although we are not aiming to clarifys aspect in this work, it is worth
noting that similar porous + compact AZO structusésdied in our research group
could result in acceptable electrical propertieshef TCO even if characterized by a

high roughness [47].
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Figure 49 Total transmittance spectra (normalized with respethe glass substrate) of a TaTO single
compact layer (150 nm, black line), a compact +oper(150 nm + 1.8m, red line, SEM structure
shown in Figure 48a)) and a porous + compact (ug + 150 nm, blue line, SEM structure shown

in Figure 48(b)) multi-layer architecture. The highlighted partlie graph is the visible region of the

spectra, for which thevisis reported for all the structures.
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The total transmittance spectra of the multi-laguctures shown in Figure 48
have been acquired and compared with that of atlepssited TaTO single compact
layer with the same thickness of 150 nm (see Fig®e Both the amorphous multi-
layer structures show a considerable transmittamg@ovement with respect to the
single compact layef (s data reported in Figure 49). As previously proplaseSection
4.3.2, this evidence should be related to an digtatgon effect obtained with the porous
TiO, based nanotree layer: in fact, also in the casth@fTaTO compact + porous
architecture the decreased mass density of thestractured layer should result in a
lower refractive index with respect to the onelef tompact film beneath it.

Nonetheless, we demonstrated that it is possiblabtain for the double layer
compact + porous a significant transmittance impnognt with respect to the single
TaTO compact layerT(;s from 80.1% to 87.8%) even after a single standaclum
annealing process (see Figure 50). Nonethelessnatiee that the transmittance
improvement after the reducing thermal cycle iscyr related to the possibility of

avoiding the already discussed darkening of theymstructure (see Section 4.3.2).

‘ Standard vacuum annealed TaTO ‘
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Figure 50 Total transmittance spectra (normalized with respethe glass substrate) of a standard
vacuum annealed TaTO multi-layer structure (red,lzorresponding SEM of the crystallized
structure reported as an inset) and of a singlepeatriayer with the same thickness (black line).
Up to this point, just double layer structures mtted as a TCO + photoanode
suitable for liquid electrolyte DSSCs were showmnktheless, it was already pointed
out that in new generation solid state DSSCs akasgeih perovskite based solar cells,

the presence of a selective layer able to avoignamate contact between the TCO
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layer and the photoactive material is mandatorgruter to reduce the recombination
processes in the device (see Section 2.1). Infilasework, we took advantage of the
possibility to obtain a very different charge carnlensity in standard vacuum annealed
TaTO layers while maintaining the same compact malqny (see Section 4.2.2). This
allowed us to obtain all-TaTO double layer compaunbrphology structures
characterized by é) high charge carrier density (n ~*2@m* for po, = 1 Pa) in the
150 nm thick bottom TCO, whil@i) low charge carrier density (n ~%£@m? for po, =

1 Pa) on the ~ 30 nm thick top selective layer (sempact layers in Figure 51).
Moreover, the very same charge carrier densityhefselective layer was obtained for
an undoped Ti@top layer (n ~ 18 cm? for po, = 1.4 Pa). This could represent the
opportunity to directly investigate the effect detextrinsic dopant in a double layer
TaTO + TiG architecture with almost the same electrical priogs

Figure 51 Triple-layer TiQ-based structure currently under test for peroeskitar cells.

Finally, it was also possible to obtain with thengaapproach a triple-layer
structure (see Figure 51) in which the photoanaateys layer (p. = 15 Pa) is added
on top of the TCO + selective layer structure. #ié possible combinations (TaTO
homostructure / TaTO + TiCheterostructures) are currently under testingdftierent
architectures of perovskite solar cell devicest (flaensitized) in the framework of the
established collaboration with the research grotipd.oAbbotto (universita Milano

Bicocca).
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5. Investigation of structure and

defects in TiOz-based thin films

In this chapter an investigation of the physicasans behind the highlighted
ability of finely tuning the electrical propertied TaTO compact films is presented.
XRD and Raman spectroscopy have been performe@warad TiQ-based samples in
order to correlate their structural (Section 5.49 aibrational properties (Section 5.2)
obtained for different synthesis conditions witle tiesulting functional properties, and
thus with the presence of ionized defects in thetase crystal structure. Moreover, the
Positron Annihilation Spectroscopy (PAS) techniguexploited on doped and undoped
films treated in different atmospheres in ordersteed light on the point defects

involved in determining their electrical properti{&ection 5.3).

5.1 Doping-induced structural effects: unit cell parameters

A set of crystallized TaTO samples deposited dediht p, and a nominally
undoped TiQ film as reference were characterized through XRBNalytical X'Pert
PRO MRD high-resolution X-ray diffractometer, usi@gKal radiation,A = 0.15406

nm, selected by a two-bounce Ge monochromator) une@&nts performed in grazing
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incident angle configuration (fixed incident angle= 5°). This scan configuration has
been chosen because of the resultant higher diirapeak intensity with respect to the
0-260 scan due to an higher interaction with the tHimdgi

The results presented in this section were puldishea peer reviewed journal
[116].

5.1.1 Determination of unit cell parameters from XRD

Following the procedure reported in this Sectiond aproposed by our
collaborator D. Chrastina for our experimental datalysis [132], it was possible to
evaluate the anatase tetragonal cell parametarstfre XRD peak positions.

For a given incidence angle and scattering angle (between incident and
scattered beams) of2the scattering vectér = (q,, q,) is given by

Gy = 2/Asiné? sin(0 —w) , q, = Z/A sin 8 cos(8 — w)
q, # 0 would represent “out of plane” scattering and @& oconsidered. Since for a
polycrystalline film with no preferred grain oriation the incidence angle is
irrelevant (because crystals are present in thepleamith every possible orientation),

which means that onlyé2s relevant, resulting in
q(nkl) = 2/ 2.5 0 niry
for the lattice planeshkl), and since we are usinglXbr the length of the wavevector,

the spacingl ;) of the lattice planes in real space is simply

1
d(nkry = /q(hkl)
In a tetragonal crystal with lattice parametard = a, andc, the spacing of the
(hkl) planes is given by

=awo= [(3) () ()
d(hkl)_q(hkl)— a a c

so for the relevant (101) and (200) reflectiongha TiO,-based films investigated in

2

this work, we have

" XRD measurements performed by D. Chrastina (L-NESartimento di Fisica, Politecnico di Milano,

Italy).
" In some convention&m/A is used instead of1/1 for the length of the wavevector of the x-ray

radiation.
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1 _ (2)2 2
d(zoo) = {q(200) = a)

meaning thaha can be found a%/q(zoo) andc can be found from

2
1 ol i _ |2 9o
c 4(101) az 4(101) 4

512 Effect of a different poz at a fixed Ta doping concentration

In Section 4.2.2 and 4.2.5 we have shown that teetrecal properties of
conducting TaTO thin films can be changed in a wattege of resistivity values. More
in detail this ability was found to be tightly cauted to the fine tunability of their
charge carrier concentration. Nevertheless, twotindis phenomena should be
considered to be responsible of this behavior atfteir crystallization in reducing
atmosphere. On one sii¢ we demonstrated how it is possible to changkie to the
different nominal concentration of the extrinsigpdat (see Figure 35); in this case the
concentration of Ta in Ti substitutional sitfBay;] could well explain the order of
magnitude obtained for the concentration of elexdreeleased in the conduction band
after their crystallization in vacuum, under thgabthesis of an extremely high dopant
activation efficiency (see Section 2.3.3). On thieeo hand(ii) we showed that once the
Ta nominal concentration is fixed (Ta = 5 at.%} thof the vacuum annealed TaTO
films can be tuned in the same range'{:01G* cm?, see Figure 32) as a function of a
different p, employed during the deposition process. In pddrcwe focus orfii): it is
plausible to assume in this case that the reptmedls in the TaTO electrical properties
are related to a more complex defect chemistryfatt, since O-richer conditions are
not expected to lead to the segregation of nondopi@Os phases in TaTO, or to
sensibly affect th¢Tay;], the coupling between a decreasing concentrafi®y’ and /
or the occurrence of a certain amounpdfpe electron-killer defects likg;" and / or
0," associated to an increasing oxygen partial pressonployed during the deposition

process could be responsible of the obtained toéndsee Section 2.3.2).
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Since the concentration of the above mentionedctiefghould vary in a rather
wide range in order to be compatible with the obsédecrease of with respect to the
TaTO film which showed the best electrical prometh ~ 1G* cm®), it could be
possible to detect a corresponding variation inahatase unit cell parameters. For this
reason the anatase tetragonal cell parameteand c for the same set of standard
vacuum annealed TaTO samples discussed in Seca?, dvhich were deposited in a
Poz range 1 — 2.25 Pa, has been calculated. In FigRr@ andc for TaTO vacuum
annealed films (red squares) and undoped {idlue circles) are reported as a function
of their measured charge carrier concentration §(& (c)), as well as their oxygen
deposition pressure ((b) and (d)), in which alse frarameters referred to the air
annealing process are reported (empty red squarélae circle for TaTO 1.25 Pa and
TiO, respectively).
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Figure 52 Anatase cell parametergif (a) and (b), anl in (c) and (d)) evaluated for Ti@blue circles)
and TaTO (red squares) annealed with a standate icygacuum (filled) and air (Tigand 1.25 Pa
TaTO, empty). The samples parameters are plottadasction ofn ((a) and (b)) as well as thep

((b) and (d), reproduced from [116]). The greenabtines represents the reference values of cell

parameters for a nominally pure anatase,TiQ].
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A general comparison between doped and undopedura@nnealed films
shows a systematic larger value of theparameter in TaTO, while is found to be
similar with respect to the measured Ti@m, except at large charge carrier density for
which a small enlargement is recorded. This is aeally explained by Ta
incorporation in Ti sites, as the ionic size of T@.064 nm) is slightly larger than that
of Ti** (0.061 nm) [133]. The recorded larger increase afith respect tcc due to
doping incorporation in the anatase cell has bkearetically predicted by Kamisaka
al. [134] for Nb-doped TiQ which should result in a very similar effect diwethe
same ionic radius of Ta (Nbatomic radius 0.064 nm).

Focusing on the TaTO series of samples, it is ptessd notice that both andc
parameters are slightly decreasing (approachingvéthees for the vacuum annealed
TiO, cell) with increasing ¢, (Figure 52 (b) and (d) respectively). A specutend is
identified when plotting the unit cell parametessaafunction of the measured charge
carrier density (Figure 52 (a) and (c)), as a tesfilthe evidenced strict connection
betweem and Ry (see Figure 26). These observations could beshifistance related
to a slight decreasing amount Bf* when the p, is increased (with a consistent
lowering of the charge carrier concentration). Nthadess, when the crystallization
process is performed in air, which is known to hesua highly insulating film (see
Section 4.2.1), for TaTO = 1.25 Pa, Figure 52 (b) and (d)) there is anemant inc
coupled with a decrease @ while for the nominally undoped T¥@rystallized in air a
larger value of both the unit cell parameters i®ecked. This is highlighting) that the
observed trend between the unit cell parametersmafat vacuum annealed TaTO
deposited at differentg is not solely explainable by the presence of dediht
concentration of V;° among the films, andii) that the drastic change of the
conductivity from vacuum to air annealed recordedifoth TiQ and TaTO could be
related to the formation of different point defeatisen the extrinsic dopant is present.

Moreover, regarding poirfli) the change of the unit cell parameters between the
air annealed TaTO film and the vacuum annealedi®ie line with the presence of a
significant amount ofV;;" and / or0;" (discussed for TaTO and TNO respectively in
[135] and [134]), which in both cases should thaoafly result in a significant
enlargement of the unit cell in tleedirection while weakening the component (see
Figure 52 (d) and (b) respectively).
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Finally, regarding poinfi) we note that the possibility that the evidenceshdr
for the conducting TaTO films would be related toe treduction of theTay;
concentration when increasinggpis in contrast with the experimental data puldéh
by T. Hitosugiet al, where it is shown that while increasing the Tanteat in
epitaxially grown TaTO films, a significant increasf ¢ with an almost unchanged
value ofais recorded [61].

The results of this structural investigation amet providing definitive
evidences for the identification of the point déseinvolved in the control of the
electrical properties of the material, but are diedighlighting a complex defect
chemistry ruled by a nonobvious interplay amongiegic and intrinsic dopants (e.g.

oxygen — titanium — tantalum).

5.2 Vibrational properties of doped anatase

Since the concentration of defects in the crysttide is large enough to result
in a detectable variation of the anatase cell patars, it is plausible to assume that the
vibrational properties of the crystal could be eféel as well. For this reason a large
amount of TiQ-based samples has been analyzed via Raman spegyosying to
correlate their anatase active modes with the raatfproperties. In this framework, in
Section 5.2.1 a brief introduction on the acquikadwledge on Raman spectroscopy of
anatase TiQis given, so to properly discuss the results oleghin this study (presented
in Section 5.2.2).

5.2.1 Raman spectroscopy of TiOz-based materials

The primitive triclinic unit cell of anatase titaim dioxide is composed by two
TiO, units (6 atoms), resulting in 15 optical modésy,f§ and 3 acoustic modes. The
optical modes at the point are classified for symmetry (space gréug? - 14,/ama:
[Mopt = Aag + Aoy + 2B1g + By, + 3Eg + 2E,
whereAy, and the Z, arelR active modesBy, is a silent mode, andhg, the 2B,y and
the 3Ey are Raman active [136]. In Figure 53 a typical Rarapectra obtained for an
air annealed Ti@film is reported, with the nominal positions oktll Raman active

modes (dotted lines) in good agreement with theexgental evidence.
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Figure 53 Raman spectra of an air annealed jJJ$@mple. The dotted line are referring to the nanin
positions expected (according to reference [13¥]}fe Raman active modes of the anatase phase
(reported on top).

The 3E; modes involve atom displacements perpendiculdr wispect to the-
axis, while the others are parallel. Most of thede® involve both Ti and O atom
displacements. In particular, several literatureksdocused on the most intenSg1)
mode.lts peak frequency, width and shape have been showe affected by various
factors:

* non-stoichiometry [138, 139];

» extrinsic doping [140, 141];

» disorder induced by minority phases [141];

* thin film thickness and substrate [142];

* high pressure induced by the surrounding atmosetdemperature [143];

» phonon confinement effects in nanoparticles [1%8,, 1.45].
For what is concerning our study on polycrystallin®,-based samples, due to the fact
that they are all deposited on soda-lime glasstsates with a comparable thickness
(which is for almost all of them around 150 nm)axdcterized by single phase atanase
grains of several micrometers, and that the Ranpattoscopy has been always
performed at room temperature in ambient pressueewill just consider the non-
stoichiometry and the presence of the extrinsiadofor the determination of th(1)

mode position and width.
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Although there is a large amount of literature &ing on TiQ, just a few works
thoroughly studied the other Raman active modesognthem, it is useful for the
discussion of our results to mention an interesimgestigation on the vibrational
properties of the anatase phase on samples ofwii® different oxygen isotopes®0,
1"0®0) [146, 147]. The Raman spectra acquired in thakvior Ti*°0,, Ti*’O, and

Ti*®0, samples is reported in Figure 54.

Anatase 295K
ol
4 +A,
(1) g9
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p E,(3)
g |
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— T . T

— T T T T
100 200 300 400 500 600 700

Figure 54 Raman spectra acquired at T= 295 K of anata®eIiTi*’O, and Ti?0,. The dotted blue
lines are evidencing the shifted Raman active modk#e the red ones are evidencing the almost
unchanged peak positions. Picture taken from reéer§l47] and modified.

The significant blue shift evidenced f&g(2) and Ey(3) (blue dotted lines in
Figure 54) are highlighting the fundamental rolayeld by oxygen in determining their
position. Unfortunately, the peaky which is predicted to be the only Raman active
mode to be related to pure oxygen vibration (symynébes not allow the movement of
Ti atoms) is overlapped 8:.4(2) and its exact determination and study is a dimaed
matter [146]. Nonetheless, other two interestingl@vwces are reported in the work:
both E4(1) andB4(1) modes show a negligible shift induced by thggen isotopes
(red dotted lines in Figure 54). This behavior wesnsistent with theoretical
calculations, which were predicting a displacempattern with E5(1) and By4(1)
symmetry, so that the oxygen atoms should not tebaa all [146]. Nonetheless, while
the B1g(1) could be considered as a pure Ti-atoms vilmatg(1l) should be treated
more carefully in light of the previous reports e shift of this Raman active mode,
which was experimentally showed to be connecteoi@men stoichiometry deviations
[138, 139]. It is consequently reasonable to assiimaieoxygen could play a minor, but
not negligible role for th&y(1) mode peak position.
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522 Study on the vibrational properties of doped TiO»

We now present the analysis and discussion ofge lamount of Raman spectra
acquired for our doped and undoped compact filnisth& TiO,-based thin films were
analyzed by micro-Raman measurements (Renishawidnspectrometer with Ar+
laser, A = 514.5 nm — power on sample 1 mW, so to avoid ggenduced
modifications). In order to correctly determine tRaman active modes position and
width we performed lorentzian fits on the analypedks.

a) Effect of the extrinsic dopant: since we are investigating the vibrational
properties of doped and undoped Ti@in films deposited and crystallized in different
atmospheres, in first instance we try to highlitite role of Ta as a Ti substitutional in
the anatase cell (i.e. extrinsic dopant). As it Ibesn already discussed in Section 4.2.2
and 4.2.5, once found the optimal depositien, phe vacuum annealed TaTO films
show a charge carrier density in the same rangbeohominal dopant concentration,
coupled with a large electron mobility (whose higthealue is dependent on the Ta
atomic content, see Figure 35). These O-poor sgigheonditions, apart from the
probable presence of a certain amoun¥gfshould result in a low concentration\6f
in the anatase crystal (based on defect chemisingiderations presented in Section
2.3.2). As we just discussed in Section 5.2.1,Rheman active modB (1) is thought
to be ruled by pure Ti-atoms vibration, and consadjy represents a good opportunity

to study the effect of a different concentratioTef; in the crystal matrix of anatase.
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Figure 55Peak position (red squares) and width (blue ce)ssiethe Raman active moég(1) for
standard vacuum annealed TaTO films depositedtahappo, as a function of a different Ta-doping

content.
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According to Figure 55 it is possible to evidencBig1) red shift (Av) as the
nominal atomic content of Ta is increased: while tmdoped Ti©Q samples are
approaching the expected nominal position, thegmes of Ta as Ti substitutional
significantly alters the Ti-atoms vibration, leaglito a maximum Av > 10 cm' for Ta
=10 at.% (red squares). Consistently with theusicin of an increasing concentration
of extrinsic dopant in the matrix (i.e. inducingystalline disorder), the peak width
evaluated at half maximum is shown to increase.

Nonetheless, an interesting feature appears faobedoped TaTO composition
(Ta = 10 at.%): just in presence of such a highimsit dopant concentration, an
additional component is appearing at lower waveremn~ 350 cril) with respect to
Big(1). For this reason the determination of positeord width of this Raman active
mode in the case of overdoped samples always eshairdorentzian fit with a double
peak component (see Figure 56). To the best okomonwledge no Raman active modes
in that particular region could be reasonably assigto different TiQ@ polymorphs or
Ta-O-Ti phase segregations. Since this charadtefesiture is detected just in presence
of a high Ta doping amount, and regardless of thpl@yed atmosphere during the
crystallization process (e.g. vacuum or air), passible to hypothesize the activation of
a Ta-Ti vibration inside the anatase crystal, whaigaificant red shift with respect to

the pure Ti-Ti vibration could be ascribed to thas:ichange between Ta and Ti.

| B, (1) vacuum annealed Ta:TiO
9 2

Ta=1at%

Intensity [arb.units]

250 300 350 400 450 500

Raman shift [cm]

Figure 56 Typical Raman pealB;4(1) obtained for standard vacuum annealed TaTGsfikith Ta = 1
at.% (blue line) and Ta = 10 at.% (black line)tHe case of the overdoped sample, the peak has

always to be fitted with a double component (griéeas beneath the black spectra).
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The analysis of the collected data on the pBakl) is well in line with the
presence of the Ta extrinsic dopant as a Ti suibistital in the anatase latticBd;;).

The analysis on peak position and width for the Aib@sed samples deposited at
the best p, was performed also for the other Raman active ®wotie particular in
Figure 57 and Figure 58 the results for the Rametivea modesEy(1) and Ey(3)

respectively are reported.
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Figure 57 (a) Peak position an¢b) width of the Raman active modéig(1) for standard vacuum annealed
(red squares) and air annealed (blue squares) Tiam®©deposited at optimalyp as a function of a
different Ta-doping content. The nominal positidriEg(1) is represented as a dotted green(&)e
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Figure 58 (a) Peak position antb) width of the Raman active moég(3) for standard vacuum annealed
(red squares) and air annealed (blue squares) Tiam©deposited at optimalyp as a function of a
different Ta-doping content. The nominal positidriEg(3) is represented as a dotted green(ie

Regarding theEg(1) mode, the peak position of the vacuum anneélets
shows an increasing blue shift (maximumy+~ 15 cnt) while passing from the
undoped to the overdoped composition (Figurda). As previously evidenced in the
case 0fBiy(1) (see blue squares in Figure 56), also in tise ad theEy(1) mode the
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FWHM is increasing together with the Ta contentd(suares in Figure 5fb)).
Nonetheless, a peculiar feature appears foE{{te mode when comparing the vacuum
to the air annealing treatment performed on twimas: differently from the vacuum
annealed films (red squares in Figure(&), the peak position of the air annealed ones
is always approaching the nominal expected valubout evidencing a trend as a
function of the extrinsic dopant concentration @kguares approaching the reference
green line in Figure 57a)). However, the peak width of the air annealed dilia
following the very same trend of the vacuum anree@ees (Figure 5tb)). It is thus
possible to highlight that while the increasing ammioof extrinsic dopant in the lattice is
coherently leading to a higher structural disondéich is independent with respect to
the employed annealing atmosphere (i.e. similar FMigndency for vacuum and air
crystallized samples, see Figure @®}), the position of théy(1) peak is blue-shifting
together with its nominal Ta concentration only wiilee TaTO films are crystallized in
reducing atmosphere (red squares in Figuré@}7 This is a surprising result, since the
significant peak shifts evidenced for the vacuumeathed samples with respect to the
air annealed ones are clearly not accompanied tigheer structural disorder (i.e. it is
shown to be just related to the amount of extridsigant in the lattice).

The behavior of th&y(2) mode is found to be very similar to the onedenced
for E4(1) with respect to the peak position and the aliimgatmosphere as a function of
the different amount of Ta (not shown). Nonethelassexact determination of the peak
width and position results more complicated withpect to the other modes due to its
lower intensity (see Figure 53).

TheEy(3) mode is showing a considerably smaller blué& shithe peak position
(maximum v ~ 5 cm®) with respect toEg(1). Nonetheless, even in this case it is
possible to highlight the presence of a trend dsnation of the nominal Ta atomic
content (Figure 58a)). Moreover, also in this case the width of thelkpeaclearly
related to the different amount of extrinsic dopaegardless of the crystallization
atmosphere (Figure 5®)). Nevertheless, no significant difference in tealp position
is recorded between the vacuum and air annealed,fivhich are in this case following
the same trend (red and blue squares respectineRigure 58(a)). This represents
another interesting indication: it should be renaithdn fact that thésy(3) mode was
found to be the most affected Raman active modé waspect to the presence of

oxygen isotopes in the crystal (see Section 5.pdipting to a probable high sensitivity
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to the oxygen stoichiometry. Under this hypothesis, lack of a significant difference
for the Ey(3) peak position of vacuum and air annealed Tadi@ptes would indicate a
negligible variation of the oxygen stoichiometryoétheless, it should be considered
that the effect of the presence/absence of oxygeancies in the crystal lattice of the
TiO,-based films could result in a very different vittwaal behavior with respect to the
mass change of the O atoms (obtained via the suffisti of *°0O with 1O and*®0
isotopes).

In this framework, it would have been extremelyemesting to study the
behavior of theA;y mode which is predicted to be related to pure erygtoms
vibration, but unfortunately its superposition witBig(2) did not allow the
deconvolution of the two separate contributionse (Section 5.2.1). For this reason
these two peaks are not studied in this work.

It is worth to highlight that the red and blue shiiscussed for thB;4(1) andE,
Raman active modes respectively, are consisteiht wiiat one would expect from the
phonon-band dispersion relations of anatase, Té@lculated by density functional
perturbation theory [136].

b) Oxygen deposition pressure — Raman shift relatro after the study of
TaTO samples with different doping content, it igréh presented a thorough
investigation on optimally doped TaTO films (Ta =ab%) deposited at different
oxygen background pressure. It has been widelyudsssd how ¢, could be a
fundamental parameter in controlling the formatdmoint defects in this material (see
Section 5.1.2), giving rise to the possibility ofdly controlling the electrical properties
in vacuum annealed films (4.2.2). The Raman actigees of TaTO 150 nm thick films
vacuum and air annealed were studied with respecpelak position and width
(evaluated at half maximum) as a function g.gn Figure 59 the results obtained for
Ey(1), E4(2) andEy(3) are reported. The absolute positions and widfbrred to the
Bi1g(1) peaks are not presented since several vacuneakau TaTO samples resulted in
a drastic reduction of its intensity, leading ewatly to the complete disappearing of
this Raman active mode, while the remaining modesewiot affected. This point is
currently under investigation, and it will be nasclissed in this work. Also they and
B1g(2) modes are not shown since it was not possibléeconvolve their separate

contributions.
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Figure 59 Peak position (left column) and width (right coluyof E¢(1) (first line),E4(2) (second line)

andEy(3) (third line) Raman active modes for standarcuven (red squares) and air (blue squares)

vacuum annealed TaTO films (blue shift, maximufv+ 12 cni in the analyzed set
of samples), while the air annealed ones (blue regliare approaching the nominal
expected value {2 row in Figure 59). This behavior is very similarthe one obtained

for this Raman active mode while varying the Taidgpconcentration. Nevertheless,

annealed TaTO samples as a function of the deposith. In the case oEy(2) only the peak

position is reported, due to the difficulties irtetenining the peak width (low intensity mode).

The position of thé=y(2) mode is sensibly affected by thg:pin the case of the

for this peak, due to its very low intensity andymity to the most intensigy(1) mode,

98



Investigation of structure and defects in Fi@ased thin films

it has not been possible to reliably obtain thekpeath, and for this reason is not
reported in Figure 59.

E4(1) shows a very similar trend with respect to By&2) mode (Figure 59°1
row). In particular a significant blue shift is o¥ded in its peak position (maximum
+Av ~ 9 cm'); again in accordance with the data collected fTalfO samples with
different doping amount the air annealing processilts in no evident shift with respect
to the nominal peak position. Nonetheless, it iseworthy that in the case of a
deposition p, > 1.5 Pa theEy(1l) peak of the vacuum annealed TaTO films is
considerably enlarged with respect to the corredimgnair annealed ones. This is
underling a very different behavior with respecthie TiG-based thin films deposited
at optimal p, (which is around 1 - 1.25 Pa for all the dopingnpositions, see Section
4.2.5): in this case in fact it has been previouwsipwn that the peak width is just
determined by the Ta concentration and no variatwware recorded as a function of a
different annealing atmosphere (see Figuréf) This could be a definitive indication
of a significant increment of defects in the anatkadtice while increasing thespfor
vacuum annealed TaTO, i.e. leading to an increlmsedi lattice disorder.

Also the analysis of thEy(3) Raman active mode (Figure 59 ®ow) is well in
line with the above mentioned hypothesis: the peakh of the vacuum annealed
TaTO films is shown to increase in a very similaywith respect tdey(1) for poo >
1.5 Pa, while no significant increment is recordedthe corresponding air annealed
samples. Moreover it is worth to note that, ash@a tase of the optimally deposited
samples with different Ta nominal concentratione #y(3) peak position is not
substantially affected by the oxygen depositiorspuee or the annealing atmosphere:
for all the analyzed samples it is approachingnit@inal Ey(3) position.

c) Charge carrier concentration — Raman shift relaion: up to now the peak
position and width of the Raman active modes fatase TiQ-based thin films have
been just discussed as a function of synthesis itomsl (e.g. p. and annealing
atmosphere) and of a different extrinsic dopantceatration. Nonetheless, it has been
widely discussed as these parameters are of pardnmportance in determining the
functional properties of this materials. A parteufocus is now made on the connection
between the electrical properties and the Ramdn shi

As it has been previously discussed, in the cagg(@) andEg(2) modes a blue

shift is recorded just for vacuum annealed TaTOpas) this shift was shown to be
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strictly related(i) to the nominal extrinsic dopant concentration r@asing Av while
Ta content is increased, see Figure (8)), and (ii)) to the oxygen partial pressure
employed during the deposition process (at a fikadnominal at.%, increasingA+
while poy is decreased, see Figure 58 dand 2% rows). At the same time, the
corresponding air annealed TaTEy(1) and E4(2) modes were shown to always
approach the nominal peak position independentynfrooth the extrinsic dopant
concentration and the depositiogpp

In this framework, it is possible to underline eosy similarity with the charge
carrier concentration recorded for the vacuum aede®aTO thin films: in fact(i)
when the Ta concentration is increaseds found to proportionally increase (for
samples deposited at the bess, @s previously evidenced in Figure 35), d&mdwhen
for a fixed nominal Ta content thefis decreased is found to systematically increase
(as previously shown in Figure 26). Moreover, ia tase of the air annealed samples it
is plausible to assume that the resulting insujatiharacter is strictly connected to a
marked decrease of the charge carrier density o{ajtn the air annealed samples
resulted to be too insulating to be measured withexperimental setup, see Section
4.2.1).

Based on the highlighted parallelism between theasmeed charge carrier
density and the recorddg}(1) —Ey(2) peak shifts, a wide amount of conducting FiO
based samples has been analyzed via Raman spepiy@sca function of:

» different extrinsic dopant concentration (0 — 1 — 50 at.%);

» different dopant (Ta and Nb — TaTO and TNO respebt); the 150 nm thick
TNO films (fixed nominal Nb concentration = 5 at.%ere deposited via
sputtering technique on unheated soda-lime glabstses at a differentop
and subsequently vacuum annealed by S. Nakao (Kamaghcademy of
Science and Technology — KAST, Kawasaki 213-00&4gad) in the framework
of a scientific collaboration with T. Hitosugi (Adwuced Institute for Materials
Research - AIMR, Sendai 980-8577, Japan);

» different p, during the room temperature deposition process;

» different annealing cycles (standard vacuum gbbsed, fast vacuum, ultra-fast
UFA in H, or Nx-based atmospheres — which will be presentéthiapter 6).

It was decided for this study to just consider pleak position of the most intengg(1)
mode, although a very similar characterization ddag obtained also withy(2). For all
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these different samples, in Figure 60 Eél) peak position is plotted as a function of

their correspondent experimentally measured cheaigeéer density.
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Figure 60 Raman peak position of tlfig(1) anatase mode as a function of the corresporthemge
carrier density measured for the thin films.

As it is possible to note from Figure 60 an extrnsolid relation has been
found between thEg(1) peak position and. It is worth to highlight that the evidenced
trend is:

* independent with respect to the extrinsic dopinguant;
* independent with respect to the adopted extringmadt (although just for two

TNO samples it has been possible to obtgin

* independent with respect to the performed annealjote and atmosphere (with
the strict condition of obtaining measurable eleatrproperties);

« almost linear fon < 10** cmi®, while it seems to flatten for higher charge @arri
concentrations.

The full understanding of this experimental guessstill under debate.
Nevertheless, it is clear that this robust trendstsctly connected to the defect
chemistry of the material. In particular, due te thdependent behavior with respect to
the extrinsic dopant concentration, it can be psepathat the presence of other defects
(e.g. oxygen and titanium stoichiometry) and thmossible interplay/ordering in the

anatase lattice is ruling this trend.
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The results presented in this section will be seobmitted to a peer review

journal.

5.3 Point defects investigation via positron annihilation

spectroscopy

Up to now several experimental data regarding tbtecal, electrical, structural
and vibrational properties have been discussed lenk@d together in light of a
complicated role of the defect chemistry evidenicediO,-based films. Nevertheless a
precise determination of the point defects involveed not been possible. In order to
collect more information on this issue, Positronnfilation Spectroscopy (PAS)
measurements performed in Coincidence Doppler Broad (CDB) were made for
TaTO as well as for Tipfilms. It has to be remarked that the PAS expentséave
been carried out by R. O. Ferragut (L-NESS, Dipagtito di Fisica, Politecnico di
Milano, ltaly). The interpretation of the resultsepented in this section should be

considered as preliminary, and is still mattemtéinal debate.

5.3.1 Basic principles of PAS technique for point defect determination

The positrore” is the antiparticle of the electron. It has arcele charge of + 1
e (wheree is the electron charge), a spin of %2 and the saaes as the electron. The
annihilation event betweeg ande’ is associated to the emission of-Pays of 511
keV. In the experimental setup used for the exetbiCDB technique 2 high purity
germanium detectors (HPGe) characterized by a aigdrgetic resolution are facing
each other while the analyzed sample is placechenmiddle of them. Sample and
HPGe detectors are maintained in a fixed positiaming the experiment and
annihilation events are recorded in coincidencéeyn (see Figure 61).

The photon energy in the detector reference systepends on the relative
motion between the center of mass of ¢he- € annihilation event and the detector
itself. The longitudinal componeni;of the electron-positron momentum along the
direction of emission of one of the annihilationofgms gives rise to the Doppler shift
AE = p,c/2 in the photon energy recorded by the detectors. mhkin contribution to

p.comes from the electron motion, and for this reaw shape of the broadened
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annihilation line spectrum provides direct inforioaton the momentum distribution of

the electrons encountered by the positron in thgsa[148].
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Figure 61 Schematic representation of the CDB setup [149].

When positrons are implanted in the material, tfiest reach the thermal
equilibrium with the system (few picoseconds prege®©nce thermalized, they can
diffuse in the crystal before the annihilation prss takes place (~ 100 ps process); in a
perfect crystal, the positrons can visit up td &@mic sites. Its diffusion process is
ruled by the electrostatic repulsion with respextthie positive metal ions. For this
reason, any open volume like a vacancy or a laitregularity (e.g. dislocation) could
represent an effective trap for the positron durtagliffusion process. The presence of
vacancy-type defects in the material can thus iadbe trapping of the positrons, and
this can affect the energy distribution of the &ilation events recorded in CDB: in
fact, inside the vacancy the probability associat@dannihilation events with core
electrons is sensibly reduced. Since valence elestrare characterized by an
expectation value of the momentum lower then the core ones, an increased
concentration of effective positron traps resuitaireduced broadening of the recorded
energy distribution [148, 150].

The measured CDB spectra can be characterizeceliythparameterS andW,
which are presented and defined in Figure 62. As graphically shownS is strongly
related to annihilation events with valence elawrfoaccording to the previous

discussion, its values should be enhanced in pceseheffective positron traps in the
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crystal (Figure 62a) and(b)). Nonetheless, it is important to highlight that @ll the
vacancy-type defects are active as positron tiagsict, in several systems they can be
seen as a charged defects. In particular, in amala®, oxygen vacancies are
recognized as doubly positively charged defeldfs, (see Section 2.3.2); this results in a
repulsion effect with respect to the diffusing pamsi, that for this reason should not be
trapped in presence of a monovacancy. Neverthdlesqresence of coupled vacancies
or vacancy clusters (see Figure @2 could eventually result in the formation of an
effective positron trap even for positively chargdefects, leading in this case to the

increment of th& parameter.

(a) Defect free  : (b) Monovacancy : (c) Vacancy-cluster

000000000000 0000000
OOOQOOOOOOOOOO s 00

OOOOOOOOO*OOOO 00O
OOOOOOOOOOOOOOOOOOO
511 ﬂ Saf E Smv E Scluster
Was E Wmv : Wcluster
Energy of y-ray Energy of y-ray Energy of y-ray
S parameter = —— W parameter z ——
P ~ Total counts P ~ Total counts

Sdf < Smv < Scluster Wit > Wiy > Weluster

Figure 62 Representation of positrons(a) free state(b) trapped state by a single vacangy,trapped
state by a vacancy cluster, and their effect oné¢baltant PAS-CDB energy distributions. T®and
W parameters are graphically and analytically defir&cture taken from reference [151].

The annihilation events with core electron shalswsually associated with non-
trapped positrons (Figure &a)), and are characterized by tWeparameter. The core-
electrons region is usually identified flpr; | > 1 atomic units (where a Doppler shift of
1 keV corresponds to a momentum valueppf= 0.54 atomic units — a.u.). These
momentum regions of the obtained energy distrilbbutontain information on the
chemical elements which were surrounding the alatibh events. As a result, since
these events mostly happen for non-trapped positiomportant evidences on the first
neighbor atoms with respect to the annihilatioa sdn be collected [150].

Nonetheless, for studies aiming at a fine chemacallysis, reference samples

for the constituting elements of the studied conmgbwean be fundamental in the
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determination of the core electron contributionsreat low energy momentum; in this
case it is necessary to report the data in termbeofelative difference with respect to
the energy distribution collected for one of thenpke references [148].

532 PAS-CDB on TiO»-based films

Using a monoenergetic positron beam (obtainedisgafrom a??Na atoms
source), the energetic distribution of the anntlolaevents collected in coincidence by
the two detectors can be collected for several ampltion energies. Several Doppler
broadening spectra have been acquired in the dmengandow 0.1 — 17 keV for
optimally doped TaTO (nominal Ta = 5 at.%) and Jgamples on glass substrates and
synthesized in several conditions. In this thes@mkwonly results related to TaTO
samples are presented, since the Tdata are still under analysis. In particular the
difference between a vacuum and an air anneale@® B&ample deposited at an optimal
poz of 1.25 Pa will be here discussed.

Positron mean implantation depth in TaTO [nm]

1 10 100
1.02 , ; ; 1/ 10

= TaTO (air annealed, p,, = 1.25 Pa)
1.00  © TaTO (vacuum annealed, Py, = 1.25 Pa) -

1
o
®

1
o
o

——TaTO air
Substrate
Surface
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n

1
o
i
Positron implantation fraction

1
=
N

1
0.1 1 10 0 2 4 6 8 10 12 14 16 18
(a) Positron implantation energy [keV] Implantation energy [keV] (b)

Figure 63 (a) S parameter normalized with respect to $garameter of the glass substraég £
S/Sc1ass) @S a function of the positron implantation eneflggttomx-axis) and of the positron
implantation depth (tog-axis) for air (blue) and vacuum (red) annealed D dj,, = 1.25 Pa) films.

(b) Fraction of implanted positrons according the VBPfodel for the air annealed TaTO film. The
green arrows are representing the positron impi@antanergy chosen for this study.

In Figure 63(a) the normalized,, = S/Ss.5s Parameters evaluated for vacuum
and air annealed TaTO sampleg(F 1.25 Pa, red and blue dots respectively) are
reported as a function of different positron impédion energies (which are
corresponding to different positron implantatiorptts). The experimental data were
treated with the VEPFIT model [152]. As it is pddsito see from Figure 6(), the
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interpolation of this model allows to identify tfaction of the implanted positrorg

at the thin film surface (purple line) aig at the film/substrate interface (orange line);
() and(ii) are both obviously characterized by a high amofidiefects, resulting in the
high S,, evidenced at the lowest and at the highest positnprantation energies for the
analyzed TaTO samples (see Figurd®3 Nonetheless, the third contributi@in) can
be assigned to the implanted positrons in the “bafkthe thin film (black line). The
contribution(iii) is consequently the most interesting for the stoidihe material, and
the most indicated implantation energy for the CBBalysis is the one which is
ensuring that the highest part of the annihilagwents is happening inside the film,
avoiding the presence of interface defects. Foreaperiments, a positron implantation
energy of 3 keV is ensuring that more than 98%hef ppositrons are localized in the
anatase crystal (chosen energy highlighted by dmreesin Figure 63a) and(b)).

Moreover, the interpolation of this model allowsetstimate the diffusion length
of the positrons in the lattice, which in our casss found to be around 5 — 10 nm for
both doped and undoped TiOrhis is an important indication that the majoritythe
positron annihilation events should not result @fd by the presence of grain
boundaries (which were found to be around tens iofameters in our samples, see
Section 4.2.1). Under these conditions it is pdsesib safely state that the collected
CDB distribution energies are representative ofntlagerial itself.

S, parameter: we focus now on the annihilation events at a fiyagitron
implantation energy of 3 keV. For the TaTO sampleposited at an optimabgp of
1.25 Pa, the crystallization process performedentucing atmosphere is associated to
the presence of a higher amount of positron trajih vespect to the oxygen-rich
thermal treatmentS,.vacuum™> Sh-air, Figure 63(a) in coincidence of the green arrow). In
this framework it is useful to highlight that theglher amount of defects in the vacuum
annealed TaTO cannot be in principle explained wligh only presence of a higher
amount of oxygen vacanci&g® with respect to the twin sample crystallized in(aee
Section 5.3.1).

Core electrons contribution: as reference samples we employed a single
crystal of anatase TgJAlfa Aesar - purity 99.8%, for which we will reférom now on
as “pure TiQ"), and metallic Ti and Ta foils (99.98 % purityhwh were investigated

with PAS-CDB in the same experimental setup.
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Figure 64 PAS-CDB energy distributions normalized to the earea for the employed reference
samples. As indicated by the red highlighted regiba inset graph is representing a magnification a
low momentunp,.
In Figure 64 the corresponding energy distributiares reported. In particular it
is useful for the discussion of the following reasub highlight that:
e at high momentum|g,| > 2 a.u.) the contribution of Ta electrons in the
annihilation events is predominant with respedh®other references;
» at low energy momentumy;| < 0.5 a.u.) the contribution of Ti electrons
in the annihilation events is predominant with extgo the other references.
In order to enhance the core electron contributitims CDB distributions obtained for
vacuum and air annealed TaTO samples are evalaawgdeported in Figure 65 in
terms of the relative difference with respect te plure TiQ reference according to
_ P — Prio, p

= -1
Prio, Prio,

)

Comparing the data of the TaTO films (vacuum amchanealed reported in red
and blue respectively in Figure 65) it is posstbl&ighlight the following points:

a) at low momentum |p,| > 0.5a.u.) a larger Ti electrons contribution (see
Figure 64) is evidenced in the relative distribatmf the vacuum annealed film
Spacuum, With respect to the air annealég;, one. This could be reasonably
interpreted as a non-negligible reduction of Tinasoin the lattice of the air

annealed TaTO with respect to the vacuum annealee, @.e. higher
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nrr

concentration of titanium vacancieB;;’ induced by the oxygen rich
crystallization environment;

b) the momentum regions where the relative differewdé respect to the pure
TiO, references is shown to increasdy| ~ 2 a.u.) can be attributed from
literature to the annihilation events with oxygem &ectrons [153-155]. It is
noticeable that this contribution is significantiygher in the case of the air
annealed TaTO sample. This can be rationally induze the presence of a
higher concentration of oxygen vacanci&s in the vacuum annealed film with

respect to the air annealed one.
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Figure 65 Relative differences of the momentum distributionTaTO (@, = 1.25 Pa) films crystallized
in vacuum (red,,4c..m) and air (blued,;,.). The arrows are highlighting the detectable
contributions.

Discussion:to sum up, the data referred to the core electoributions are
pointing to the presence of a higher concentratbmtrinsic electron donorsV{*)
when TaTO is crystallized in reducing atmospheraijerhe crystallization in oxygen-
rich conditions should result in the formation dfigher concentration of electron killer
defects ¥7;'). Nonetheless, the analysis of )eparameter is showing the presence of
a significantly higher amount of effective positrmaps in the vacuum annealed TaTO
film with respect to the air annealed one. In firsstance, this could be read as a
controversial evidence with respect to the dataiiaed for the annihilation events with

nr

core electrons, since just;” should effectively act as an efficient positrcaptsite (see
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Section 5.3.1). Nonetheless, it has been experatigrand theoretically found that in
presence of oxygen vacancy clusters, or when compléetween the vacancy and
different point defects are formed in the crystia¢ positron trapping mechanism can be
activated [150, 151, 156, 157].

It is here hypothesized that the highly conducstage of the vacuum annealed
TaTO could be associated to an intimate couplingher anatase crystal between the
substitutional tantalum and the oxygen vacanciés. drystallization process performed
in oxygen-containing atmospheres would consequeedlylt in a partial/total disruption
of this interplay, due to the resultant reduced am@f oxygen vacancies in the lattice.
In this framework, it is important to mention that 2009 Kamisakaet al. [134]
proposed based on first principle calculations ttret adjacency between oxygen
vacancies and the substitutional extrinsic donardctde the key aspect for the high
electron efficiency release in donor doped Jidaterials (see Section 2.3.3).

Nonetheless, in the air annealing process the fioomaf p-type defects like
vy is favored (see Section 2.3.2), giving a probatdbatribution to the drastic
reduction of the overall electron population in to&duction band.

Finally, based on a preliminary analysis of thedincombinations of the relative
difference in the energy distributions of the metdli and Ta references with respect to
the pure TiQ reference &ri—reference N 87q—reference): It has been found that the
difference between the TaTO films crystallized acvum and air atmospheres can be
well described by the presence of oxygen vacanbez®rating the Ta sites in the
anatase lattice. Further analysis will focus onuhkdation of this hypothesis which is
still under discussion, based also on the dataisedtjfor undoped Ti@® samples and

TaTO deposited at different oxygen partial pressure
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6. Electrical properties control of
TiO2-based films via ultra-fast

crystallization processes

Up to now it has been widely discussed that a thetneatment performed in
reducing atmosphere is a basic requirement in da@btain transparent conducting
TiO,-based polycrystalline films (see Section 4.2.1).this chapter experimental
evidences proving the possibility to uncouple thi©,Tfunctional properties with
respect to the annealing environment via ultra-¢agstallization processes are shown.

In particular, in Section 6.2 is discussed how #ueurate examination and
control of the parameters involved in the anneapngcess allows to obtain for both
TaTO and TiQ thin films the same transparency and low resistiveésulting from a
standard vacuum annealing cycle (overall process tiequired ~ 180 minutes) in a
thermal treatment which lasts just 5 minutes anghagormed in a cheap nitrogen
atmosphere at ambient pressure (20 ppm oxygen gwaten). It is worth mentioning
that a previous study on Nb-doped Zi@hin films reported on the possibility of
obtaining good resistivity valuep (~ 8 x 10" Qcm) upon annealing in a diluted
atmosphere (0.5 atm) of highly pure nitrogen (pui®9.9998%, nominal oxygen
concentration < 0.5 ppm) at 350 °C for 20 minut&88]. The physicochemical
mechanisms behind this result (e.g. possible rdleoxygen incorporation during

annealing) were however not discussed.
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Here instead, a systematic investigation and dssensof electrical data
collectedin situ during ultra-fast annealing treatments perfornredifferent nitrogen-
oxygen mixtures also allowed to identify the keyerplayed by the oxygen partial
pressure and, in particular, in which way this doukgatively affect the electrical
properties of Ti@-based thin films (Section 6.3.1).

Aimed experiments (e.g. secondary ion mass specipysin depth profiles on
TaTO films crystallized in ultra-fast treatmentsgresence of traceabt&O) disclose
the possibility to relate oxygen incorporation fraime annealing environment to a
decreased amount of conduction electrons in adémanometers thick surface layer
(Section 6.3.2).

The experimental data collected for the ultra-tastealing cycles presented in
this chapter are based on the realization of acdeéstl furnace, whose design and
building has been personally carried out by thé@uin collaboration with U. Klock at
the Max Planck Institute for Solid State ResearfEhStuttgart. In Section 6.1 this
experimental setup is briefly presented.

The most part of the results presented in this telnegre collected in a paper
which has been recently accepted for publicatioa peer review journal [159].

6.1 Ultra-fast annealing furnace and experiment design

The ultra-fast annealing processes have been damiein a home-made furnace
(Figure 66), designed so to permit precise andatabée heating temperature ramps of
300 °C/min with the employment of 5 IR lamg&S components Ltd. UK, Heat lamp
500 W R7s 230 V) concentrically placed outsidelautar quarz chamber.

Figure 66 Picture of the home-made annealing furnace codciwve employed for this study.

" Chosen so to avoid UV emission
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The furnace allows also for fast cooling ramps (addb0 °C/min) by means of
an external flux of cold N gas. The temperature is measured usingi-gype
thermocouple (diameter 0.5 mm) placed on the sarhplder at 0.5 mm from the
substrate.

The design of the sample holder together with th&haring mechanism of the
film allows to in-situ record its electrical resistance via 2-point DCasmgements
(source / measure unit Keithley 2604B). The maximapplied current was 1 mA and
the maximum compliance voltage 5 V. In order toaldly compare the acquired
resistance measurements among different samples,effiect of different contact
geometries has been minimized evaporating on tofheffiims Ti/Au (200/2000 A)

electrodes with 1 mm distance from each other Esgare 67).

Ti/Au electrodes

S I | O T

A-A

Glass substrate

Figure 67 Schematic representation of a sample with metalaot® deposited on top for the in-situ
electrical measurements.
The experiments are carried out in a backgroundagjagmospheric pressure.
The employment of a continuous flux (50 sccm fotte shown experiments) allows to
precisely monitor the oxygen concentration of thesen gas mixture with a Cambridge
Sensotec RapidOX 2100ZF lambda sensor placedeabutiet (sensitivity from 1€
ppm to 100% ).

6.2 Comparison between standard and ultra-fast thermal cycles for

TiO2-based thin films

Amorphous optimally doped TaTO (Ta = 5 at.%) andlaped TiQ 150 nm
thick films were obtained via room temperature Piubsoda-lime glass (10 x 10 x 1
mm®) and Si (100) substrates in an oxygen backgrougdspre of about 1 Pa (TaTO
was deposited aipp= 1 Pa, while TiQat 1.25 — 1.3 Pa).
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6.2.1 Standard annealing processes

In line with what has been discussed in Sectiorl42 standard post deposition
annealing process (i.d. = 550 °C for 1 hour with heating and cooling ranghsl0
°C/min obtained with a resistive plate oven) perfed in vacuum resulted in

transparent and conducting polycrystalline andfiss:

p [Qcm] n [cm?] p[em?VisY] Tuis [%]
TiO, 6.93 x 10° 5.70 x 16° 15.8 79.3
TaTO 6.77 x 1¢ 7.99 x 16° 11.5 81.4

The TiOQ-based thin films were also annealed using the samaedard process
performed in 1 atm of pure nitrogen gas (grade @8, nominal @ concentration < 3
ppm). As expected from previously reported datee (Section 4.2.1), the samples
crystallized in N were insulating since their resistance was togelan be measured
with our experimental setup (maximum applicableeuof 0.1uA, voltage compliance
10 V) and thus no value of the resistivity coulddetermined.

6.2.2 Ultra-fast annealing (UFA) process in nitrogen atmosphere

An abrupt drop in the electrical resistivity receddfor amorphous Tig&based
films during the heat treatment was already proggaeesome published works to be
indicative of its crystallization [70, 160]. Based these experimental observations, and
taking advantage of the ability tn-situ measure the electrical properties in our home-
made furnace, it was possible to identify an ulaist- annealing cycle (UFA) which
allows to obtain the completion of the above mardw crystallization resistance drop
in the lowest process time achievable with our expental setup.

The UFA process consists of a heating temperaamg rof 300 °C/min up to
the peak temperature of 460 °C. The cycle is nopleping any dwell time at this
temperature, and the chamber is immediately coaledn with the fastest rate
achievable with our setup (~ 150 °C/min). The ollénme needed to fully accomplish
the thermal treatment is about 5 minutes. Sevel@h dycles were performed at
ambient pressure under different oxygen/nitrogenxtunés (measured oxygen

concentrations: 20 ppm, 1000 ppm and 21%). Thep®0 gas was obtained by directly
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employing nitrogen from the lab distribution linehile the 1000 ppm and 21%
concentrations were obtained by properly mixingadd Q from a 5.0 purity oxygen
bottle.

In this sectiorwe just focus on the results obtained for Z7&d TaTO thin films
for an UFA treatment performed in nitrogen atmosel{20 ppm Q).

In Figure 68 then-situ measured electrical resistance (dots linked toytaixis)
and temperature (dashed lines linked to right wafor doped (red) and undoped
(black) TiG, samples are plotted as a function of time. Thesgmee of Ta does not
significantly affect the electrical resistance whea TiQ-based samples are still in the
amorphous state, meaning a non-activation of tipawlo(in agreement to what has been

discussed in Section 4.2.1).
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Figure 68 In-situ resistance measurements (dots, left y-axes) amdspmnding temperature profiles
(dashed lines, right y-axes) for Ti(black) and TaTO (red) thin films crystallizedNiz atmosphere
with 20 ppm oxygen concentration. The green coloegibn is highlighting the time interval in
which the abrupt resistance drop takes place. rei¢tken from [159] and modified.

An abrupt and sharp decrease of the resistance rgamhing a temperature of
about 400 °C is recorded, irrespective of the presef the doping element. As already
mentioned, this transition is likely to be conneéct®® the crystallization of the
amorphous film, the occurrence of which is highieghin Figure 68 by the green area.
A further indication in support of this hypothemsgelated to the switch of the alectrical
conduction behavior for both the film compositionglile for T < 400 °C they are both
characterized by a semiconducting behavitk AdT < 0), after the abrupt resistance

drop they both become metalli@RK/dT > 0). It is worth to highlight that the time and
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temperature values$str, tend @ndTsiar, Tend defining the zone where the resistance drop
is taking place (green region in Figure 68) areepehdent with respect to the presence
of the dopant: thélsiat and Teng Of this process are at around 400 °C and 450 °C
respectively fart- teng = 10 S) for both samples. This proves that thgelamount of Ta

(5 at.%) is probably not affecting the crystalliratkinetic of TiQ.

The obtained final value of resistance at room tnafpire R;—,s-c) for TaTO
is one order of magnitude lower than for 7i@® Q and 96Q, respectively). It is
important to note that the resistance differendevéen the doped and undoped film is
of the same order of magnitude of the one obtauph standard annealing treatment
in vacuum (see Section 6.2.1). Interestingly, isva#éso found for TaTO that an UFA
process performed in reducing atmosphere (Anfitkture, H at 2% - measured oxygen
concentration < 1€ ppm) resulted in the sam@;_,s-c as the one performed in
nitrogen (not shown).

Based on these observations we performed the UdgAntient in N atmosphere
on twin TiO,-based amorphous samples without electrodes euvapooa top, with the
aim of properly comparingx-situthe obtained optical and electrical properties fi. n
andu via 4-point measurements) with respect to the $esnpystallized with a standard
vacuum annealing process. An UFA cycle on a TaTf@ fvithout electrodes in a
hydrogen-containing atmosphere was also performed.

In the table below we report the final room tempae electrical properties
obtained for TaTO and TiQafter UFA. For a better comparison among the abti
results, we also report the data of the standarseaad samples (already shown in
Section 6.2.1).

Annealing treatment p [Qcm] n [cm?| u [em?Vis?]
Standard-Vacuum 6.77 x 10 7.99 x 16 115
Standard — N not measurable not measurable not measurdble
TaTO
UFA — Ar/H , 7.65 x 10 7.46 x 16° 11.0
Standard Vacuum 6.93 x 1! 5.70 x 1!“ 15.8
TiO, Standard — N not measurable not measurable not measurdble
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Notably, the TaTO sample UFA treated in reducingasphere (Ar/kH oxygen
concentration < 18 ppm) and the one inMNatmosphere (20 ppmyDboth show almost
identical electrical properties with respect toshambtained with a standard vacuum
annealing treatment. In the case of undoped,,TIFA performed in M- 20 ppm
resulted in a slight higher resistivity, althoudje overall electrical properties are highly
comparable. It is worth to note that the electroobiiity values obtained for the 5-
minutes-lasting UFA cycle are very similar to thees obtained with a 180-minutes-
lasting standard vacuum treatment.

Surprisingly, although a standard treatment peréatnm a purer Blatmosphere
(O, < 3ppm) is leading to highly insulating films, degradation of the charge carrier
density is observed for the UFA treatment performedN, with 20 ppm Q
concentration.

“Extended” UFA-like treatments were performed irder to investigate the
effect on the resistance of a longer exposure (i) to the 20 ppm ©— nitrogen
atmosphere at the peak temperature (460 °C).

500

+ R --T TaTO 4 400
20 ppm 10 min dwell

+ R -T Tio,
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Figure 69 In-situ resistance measurements (dots, left y)aaed corresponding temperature cycles
(dashed lines, right y-axes) for TaTO (red) and,Ti@ack) thin films crystallized in N(20 ppm Q
concentration) with extended (10 minutes dwelhatpeak T = 460°C) UFA-like cycles. The dotted

horizontal lines reported after the axes brake geetbin the dwell time laps for a clearer data
presentation) are representing the resistance wadtzéned at room temperatuf;{,s-c) for TaTO
(red) and TiQ (black) thin films crystallized in UFA cycles perfned in the same NMtmosphere
without employing dwell time (complete acquiredwas reported in Figure 68). Picture taken from
[159] and modified.
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The results of this experiment are reported in FEdi9, and clearly demonstrate
the detrimental effect on the electrical condutyivof a longer exposure to this;N
based atmosphere: the obtained resistance is setted a factor 2 for TaTQRE—ycec
=11Q) and of a factor 50 for TiEXRr-,s5.c = 4965Q) with respect to the one resulting
from the UFA treatment performed in the very sanmmogphere. These results
highlights the fundamental importance of the preceésie employed in the thermal
cycles.

Moreover, an XRD and optical investigation of standard and UFA teda
samples has been performed, with the aim of highhg the presence of any possible
difference among the thin films crystallized wittese two different thermal cycles. The

results are shown in Figure 70.
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Figure 70 (a) XRD acquisition for the (101) anatase peak in igigamcident angled = 5°) of TaTO and
TiO, films annealed with a standard vacuum (red anglpwolored lines for TaTO and TiO
respectively) and an UFA treatment in With 20 ppm of oxygen (blue and green coloreddifer
TaTO and TiQ respectively)(b) the total transmittance spectra for the same w8k reported
(colors in agreement witfa)); the pink shaded part of the graph shows thdlsiegion of the
spectrum = 400— 700 nm) and the mean transmittance obtained éosdimplesT,) is reported

within it. Pictures reproduced from [159].

In Figure 70(a) we report a comparison between the most inten3g) XRD
anatase peaks for Ti@nd TaTO samples treated with the two differeatrtral cycles:
no significant difference is detectable regardihg trystallinity quality of the films
when annealed with the standard vacuum annealintheM\-UFA treatment. The
intensity variation between doped and undoped sesni@ in line with previously

" XRD measurements performed by D. Chrastina (L-NESgartimento di Fisica, Politecnico di Milano,
Italy).
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discussed results (see Section 4.2.1), as wehaslisence of other Tiolymorphs
(e.g. rutile) or any other segregated phase (eegaliit Ta or TaOs) from the analysis

of the complet&-26 scans (not shown). In this framework, it is wadhunderline that
the presence of Nn the annealing atmosphere (in both UFA and stethdycles) does
not significantly hinder the crystallization prosesince the anatase phase was formed
in all cases.

Moreover, consistently with the collected data frowth XRD and electrical
measurements, also the optical properties of Tah@ &0, are shown to be
independent with respect to the employed thermelecfsee Figure 7(D)). In fact, the
superimposed transmittance curves for doped andp@ttdsamples clearly support the
equivalence of the two thermal cycles; in particullae T,s of TiO, and TaTO films (all
reported inside the pink shaded region of Figure()) respectively reaches and
exceeds 80%.

Finally, it is noteworthy how fast the crystallimat process in UFA-treated
TiO,-based thin films is taking place. We attributestbapability to the characteristic
“explosive crystallization” of Ti@ (discussed also in Section 4.2.1), related tdatent
heat released during the formation of the crystalBtructure, which is large enough to
result in a runaway process that continues unéilamorphous material is completely
consumed [127, 161]. As a matter of fact, we halready shown (by optical
microscopy) the presence of macrometric-sized gram our TiQ-based samples
annealed with the standard cycle (see Section 4riti14.2.2). Consistently, also in this
study the lateral size distribution of the anatgssns for both Ti@ and TaTO films
was found to be on the order of tens of microme¢®en in the case of the,/ased
UFA treatments. Nonetheless, as it is possibleote from Figure 71, for the standard
treatment a larger average size of crystalliteetected.

Quite remarkably, it is thus possible to conclubat tdespite the significantly
lower temperature (460 °C Vs 550 °C) and shorteatitn (5 min Vs 180 min), the
UFA treatment performed in low purity,Nit atmospheric pressure can be considered a
valid (and industrially scalable) alternative t@ tftandard vacuum annealing treatment
for the obtainment of Ti@based TCOs.
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Standard vacuum annealing UFA (N, =20 ppm O,)

Figure 71 Surface images captured using polarized light tihcoptical microscope of TaTO®(tow)
and TiG (2™ row) thin films crystallized with a standard vacugleft side) and UFA performed in

N,-based atmosphere (right side). Picture reprodfroma [159].

6.3 Role of oxygen in the UFA crystallization environment

Apart from the high potential from an applicativeimd of view, the results
collected and discussed in the previous sectioresept a definitive indication that the
UFA cycle, due to its lower temperatures involvedhwrespect to the standard
treatment and the very fast process time, allowshibit the interaction of the material
with the crystallization atmosphere. In other worthe ultra-fast treatment from one
side permits to obtain a full crystallization oetiiO,-based films, while on the other
prevents the material to move in the directionhef thermodynamic equilibrium, which
in the case of Nbased atmosphere would lead to the formation saflating films (see
Section 6.2.2 and 6.2.1).

The thorough investigation conducted so far in thisis work on the material
properties control, strongly suggests that the erymcorporation should be strictly
involved in the loss of conductivity of Tgbased materials. Consequently, even if in
the case of the Noased atmospheres we are dealing with impuritiehé order of
some parts per million 0< 3ppm and equal to 20 ppm in the case of thedatan
treatment and the UFA respectively), it is likeiyat the oxygen exchange (or the ability

to inhibit this process) is dictating the resulteigctrical properties.
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6.3.1 Effect of different oxygen concentrations in the UFA atmosphere

In general, the oxygen exchange mechanism withstlieounding atmosphere
depends offi) oxygen partial pressuréi) temperature, angii) process duration. As a
matter of fact, for the Nbased atmosphere the poir(it9 and (iii) were already
demonstrated to affect the electrical propertie3i6h-based films by comparing UFA
with the standard annealing treatment and with ‘theetended” UFA-like cycle
respectively. We now focus on the po(f)t maintaining the same UFA temperature
cycle, butin-situ monitoring the effect of an increasing oxygen eonbon the electrical
properties of TaTO and Tidilms.

The acquired data for UFA crystallizations perfodime a N-based atmosphere
containing 20 ppm (red), 1000 ppm (orange) and 24f4e) oxygen concentration are
plotted in Figure 72 and Figure 73 for TaTO and sJl$@mples respectively.
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Figure 72In-situ resistance measurements (dots, left y-axed)corresponding temperature profiles
(dashed lines, right y-axes) for TaTO thin filmgstallized in N-based atmospheres with different
oxygen concentrations: 20 ppm (red, already presentFigure 68), 1000 ppm (orange) and 21%

(synthetic air, blue) atmospheres. The regions d\Bufpink and green colored respectively)
represent the time intervals in which the resigtasfche thin films starts to be affected by the
presence of differentgp (A) and the time intervals in which the abruptstsnce drop takes place
(B). In the inset is reported a magnification of tiesistance behavior in the regions A and B. Rictu

reproduced from [159].
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Figure 73 In-situ resistance measurements (dots, left y-axed)corresponding temperature profiles
(dashed lines, right y-axes) for Ti@hin films crystallized in hbased atmospheres with different
oxygen concentrations: 20 ppm (red, already redartéigure 68), 1000 ppm (orange) and 21%

(synthetic air, blue) atmospheres. The regions dBufpink and green colored respectively)
represent the time intervals in which the resistawfcthe thin films starts to be affected by the
presence of differentg (A) and the time intervals, in which the abrupiséance drop takes place
(B). In the inset is reported a magnification of tf the resistance behavior in the regions A and B
There are no resistance points for an electricastance higher than 1 x®Q (blue dots) since this
is the upper limit measurable with our experimestdlp. Picture reproduced from [159].
Irrespectively of the presence of the dopant atitbérent oxygen concentrations
in the annealing atmospheres, all the performed Uifeatments show the already
discussed (see Section 6.2.2) abrupt and sharpagexrof the resistance once a
temperature of ~ 400 °C is reached. The delimitinge region of this process is
highlighted by a green area, called region-B iruFeg72 and Figure 73. As discussed in
the case of Ti@and TaTO UFA crystallized in 20 ppm @ed curves in Figure 72 and
Figure 73, previously shown in direct comparisorfFigure 68), we notice that even at
higher ) the time duration of this process is always thaeséor all the samplessfar-
tena~ 10 S), and consequently also the charactetestiperature windowTg, = 400 °C
andTeng= 450 °C). Interestingly, the order of magnitudets resistance drop is found

to be just dependent on the presence of the dapahe film, since for all the tested
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UFA background atmospheres is estimated to be erottier of a factor 10 for TiD
and 100 for TaT®

While moving from 20 ppm to higher oxygen conceintress, the resistance
behavior during the heating cycle is considerabiignged, as well as the resultant
Ry_ys0¢. In the case of TaTO, UFA performed in presenc&lpfvith 1000 ppm @
(orange curves in Figure 72) results in a more thaubled room temperature resistance
with respect to the 20 ppm sample Q3vith respect to & respectively). Nonetheless
the film maintained a metallic behavior during tmling process (see Figure 72 for
2 min). In contrast, the crystallization of the Fi®ample in the same 1000 ppm
atmosphere (orange curves in Figure 73) resulteal Semiconducting behavior in the
cooling region, with &;_,z. orders of magnitude higher than the correspondyate
performed in 20 ppm (4.2 x 1@ Vs 96 Q). The effect of a further increase of the
oxygen concentration is shown for the UFA cyclefgrened in artificial air atmosphere
(N2 with 21% Q, blue curves in Figure 72 and Figure 73). In tase a significant and
more detrimental effect for the electrical propestwith respect to UFA in 1000 ppm is
recorded for both doped and undoped samples: tb#yresulted in a semiconducting
behavior, and the resistance at room temperatuirgcisased up to 278 for TaTO,
while for TiO, was too high to be measurable with our experimesg®p R;_z5oc >
168 Q).

Nonetheless, an intriguing evidence is connectatigéaegion-A, highlighted in
pink in Figure 72 and Figure 73, and representiggresistance behavior recorded just
before the abrupt resistance drop highlighted gioreB: in particular, we found that
the increasing loss of conductivity with increasiogygen concentration is always
associated by a different resistance behavior decbin this region-A. Starting from the
beginning of the heating cycle, when the tempeeatsirincreased in N- 20 ppm Q
(red curves in Figure 72 and Figure 73) the resegdehavior of both TaTO and TO
could be defined as an almost-monotonic decreaskthe region-B begins. On the
other hand, for UFA performed in presence of highgmgen concentrations (1000 ppm
and 21%, orange and blue curves respectively inr€ig2 and Figure 73), a resistance
increase is recorded in the region-A. Interestintlis effect is more evident and severe

in presence of a higher oxygen concentration. Aigiothis evidenced trend is valid for

¥ Note that here the temperature dependence ofehtrieal resistancedR/dT) is not taken into account
(AT ~ 50°C).
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both doped and undoped samples, the recorded amsgstoump in region-A is
considerably more pronounced for ifdms. Moreover, it is interesting to note thas, a
it has been observed for the region-B, the timerual (and consequently th&T)
associated to this phenomenon is again independéntrespect to the presence of the
dopant (start - tend~ 20 S;Tstart ~ 300 °C,Teng~ 400 °C).

As in the case of UFA crystallized samples at 2thpee Section 6.2.2), we
also performed the ultra-fast crystallization o©Tiand TaTO films without electrodes
in presence of 1000 ppm and 21% i@ order to evaluatex-situtheir resistivity via 4-
point probe technique. For the TaTO samples a feiabrease of the resistivity was
recorded with respect to the 20 ppmatmospherey was around 3.39 x TXcm and
2.31 x 107 Qcm for 1000 ppm and 21% respectively. On the otizer, in the case of
TiO, samples crystallized in the same atmospheres,rakistivity could not be
measured even in the case of the 1000 ppm contientra

Nonetheless, it is noteworthy that all the acquilath for both TaTO and TiO
samples without electrodes UFA treated in 1000 gmu 21% oxygen concentration
have to be considered as only indicative due tededlike I-V characteristic recorded
between the electrical probes and the sample, whathally invalidates the 4-point
measurement method (courtesy by A. Ballabio, L-NE®%artimento di Fisica,
Politecnico di Milano, Italy). On the contrary, tequivalent samples crystallized under
the same UFA conditions with the evaporated Ti/facteodes on top exhibit an ohmic
behavior between the electrode pads.

Discussion: the collected data for UFA treatments ai © 1000 ppm are
consistent with oxygen penetration in the thin filonobably occurring in the very first
stages of the crystallization process (region-Arigure 72 and Figure 73, before the
sharp drop of the resistance highlighted by théore®). In fact, the different variation
of R with T recorded in the region-A starts at a temperatdre- @00 °C; this is
compatible with several studies performed on amauptundoped and Nb-doped EiO
thin films, which already pointed out that the ¢ayization process can start with a
sluggish rate at temperatures around 300 °C, vetileigher temperatures it would be
faster (i.e. T> 400 °C), resulting in the abrupt drop of the resise recorded in region-
B of Figure 72 and Figure 73 [70, 74, 127, 160-18Adreover, it has been previously
noticed that the order of magnitude of this shagistance decrease seems to be almost

independent with respect to the different oxygemceatration in the annealing
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environment for both Ti@and TaTO, basically demonstrating that this phesran
should be mainly related to the electron mobilitgrease in the film. To sum up, we
propose that the UFA crystallization process cdiddationalized as follows:

* in the so-called region-A (between 300 °C and 40pthe first anatase crystal
seeds are formed and start their growth with a fimstics (because of the still
rather low temperature) embedded in the amorphaitsxnin this stage of the
process the predicted oxygen exchange with theowning atmosphere is
favored, and it is thought to increase as the oxygmcentration is increased in
the annealing chamber;

» for temperature values between 400 °C and 450€@dn-B), the growth of the
anatase seeds is faster and the crystal grairgatang to merge one with each
other (resulting in a fast increase of the electrmbility), finally leading (at the
end of the resistance drop) to the complete consammf the amorphous
material. While the crystallization is rapidly evimlg, the exchange processes
with the surrounding atmosphere seem to be blo¢iedery limited) regardless
of the presence of a different oxygen concentrailorthe UFA chamber,
meaning that the region-A is basically ruling theaige carrier concentration
obtainable for the UFA crystallized thin films afttlmer high oxygen
concentrations (> 20 ppm).

We now focus on the very similar charge carriersitgnobtained for the standard
vacuum annealing process and for the UFA performdxbth reducing conditions (10
20 ppm Q) and N atmosphere with 20 ppm.@see Section 6.2.2). The experimental
findings suggest that the stoichiometry of the Ji@sed films is basically solely
determined by theq employed during the room temperature PLD depasipimcess
(i.e. no exchange with the annealing environmeéwnsequently, the strict requirement
of a reducing atmosphere during a standard anmeayicie for the obtainment of highly
conducting TiQ-based films would be just dictated by the necgdsifprevent oxygen
incorporation during the long exposure to high temafures, and not for the formation
of further oxygen vacancies (or at least not iruligent concentration to effectively
change the population of mobile electrons). Weasothat this hypothesis is consistent
with the demonstrated ability of tuning the chaogerier density of standard vacuum
annealed TaTO thin films by just slightly changthg . during the room temperature
PLD process (see Section 4.2.2).
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The experimental evidences also highlight thatnferred oxygen incorporation
affects more severely the electrical propertiesthed undoped films. This can be
rationalized in terms of defect chemistry (see iBac2.3.2). Given that the propegp
employed during the deposition process is thoughtehsure the “right” film
stoichiometry, without any oxygen exchange during UFA crystallization cycle the
presence of 5 at.% of extrinsic dopant in TaTOItesn a charge carrier concentration
in the order of 18 cm? compared to about 10cm* obtainable for the Ti@sample
deposited in the best conditions. At sufficientigthpo, (i.e. @ concentratior> 1000
ppm) the oxygen is thought to be incorporated fittvn thin film surface, eventually

leading to the filling of thé/;°§ and to the formation of several oxygen-relatedteda-
killer defects (e.gV7;’, 0;"). Thus, the lower amount afin TiO, with respect to TaTO
before the oxygen incorporation mechanism, resalitss more pronounced increment
of the electrical resistance.

Finally, it has been reported that L#dased samples UFA crystallized in a
nitrogen-based atmosphere with €éncentration higher than 20 ppm both show a non-
ohmic behavior when measuring the resistance tiré@m the film surface. On the
other hand, the ohmic contact is guaranteed whetV¥hmeasurements are performed
between Ti/Au electrodes previously evaporated lom top of the samples. This
evidence is again consistent with oxygen penetraimd associated formation of an
insulating layer) limited to the topmost uncovesedface of the thin films, while the
metal contacts would act as capping layers, avgidie oxygen penetration beneath
them.

6.3.2 Oxygen incorporation during UFA crystallizations

In order to collect definitive evidences of the ggp incorporation hypothesized
in the previous section, we performed UFA treatmemt TaTO samples under nitrogen
containing different®0 concentrations. The employment of oxygen isotaiesvs to
trace the possible oxygen penetration in the film depth profiling the®*0/*°0 ratio
with Secondary lon Mass Spectrometry, using a comialeT OF-SIMS IV (experiment

performed by T. Acartirk at the Max Planck Insetdbr Solid State Research of

¥ Note that under the adopted synthesis condititifishould be the only donor defect in undoped ;TiO
see Section 2.3.2.
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Stuttgart). The secondary ions were generated bt philses of a 25 keV Ga ion beam.
Removal of material for depth profiling was carrat using a second ion beam from a
Cs source operated at 500 eV. The correlation leztwiee secondary ion extraction and
depth was established using a Dektak 8 profilonmegténe end of the measurement.

N>-based atmospheres with two differéf® concentrations were employed for
this study: 80 ppm and 1000 ppm. Note that the umébof N, with 80 ppm of'?0 was
used as it was the lowe¥D concentration obtainable with our experimentaliseln
Figure 74(a) thein-situ electrical measurements acquired for the TaTOsfitharing the
UFA cycles in*®0 atmospheres are reported (purple and orangeOf@péh and 1000
ppm respectively); the UFA cycle for the TaTO sanptystallized in 20 ppm O
nitrogen-based atmosphere (red) is reported ae@nee.

It is possible to observe that, in line with thepermental data previously
discussed for TaTO 1000 ppm, QJFA (see orange curves in Figure 72), the
corresponding concentration ¥ isotopes results in a very similar resistanceabiein
(orange curves in Figure 7#)). Consistently, the resulting;_,s.c increases with
respect to the UFA treatment in 20 ppm (1@nd 6Q respectively). Nonetheless, it is
possible to note that the increase of oxygen cdraon up to 80 ppm*{0 isotopic
mixture, purple curves in Figure T4)) is already enough to slightly affect the obtained
room temperature resistance of the TaTO fiRp_(so = 7 Q). Also in this case, we
confirm the direct connection between the differét,s.. obtained for oxygen
concentrations > 20 ppm and the resistance chaagesied in region-A.

The TOF-SIMS results shown in Figure ) for both the TaTO samples
annealed in®0 atmosphere confirm the hypothesis of oxygen peotion in the
samples: this is well described in both the filnysalm exponential decay of th&/°0
ratio as a function of depth (see the fitting dbtiees in Figure 74b)). Comparing the
1000 ppm with the 80 pprifO profiles it is evident that UFA treatments pemied
under higher concentrations of oxygen leadiXaleeper’®0 penetration andi) larger
80 concentration in proximity of the TaTO film suréa

It should be pointed out that while entering in thi film the **0 can move
further in depth the formind®0 ions, meaning that an exact determination of the
oxidation depth cannot be determined. Nonethelesspossible to safely estimate that
penetration from the film free surface should leitied to the first tens of nanometers
of the thin films (Figure 74b)).
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Figure 74 (a) In-situ resistance measurements (dots, left yJeaed corresponding temperature cycles
(dashed lines, right y-axes) for TaTO thin filmgstallized in N-based atmospheres with different
80 concentrations: 80 ppm (purple) and 1000 pprm@ex TaTO thin film crystallized in Abased
atmosphere with 20 ppm of oxygen (red) is repoatedeference (already present in Figure 68 and
Figure 72). The regions A and B (pink and greewmEm respectively) represent the time intervals in
which the resistivity of the thin films starts te bffected by the presence of different oxygen
concentrations (A) and in which the abrupt resistagirop takes place (B). In the inset a
magnification of the resistance behavior in theaeg A and B is reportedb) Depth profile of the
180/*°0 ratio traced via TOF-SIMS; the colors of the ddtprofiles are consistent with those used in
(a); in the inset is reported an optical microscopeaussitipn of the analyzed area of a TaTO thin
film. Pictures reproduced from [159].

Based on our previous observations, this top-megtrlis characterized by a
significantly higher resistance due to the severhiction of the charge carrier density
dictated by the oxygen incorporation in the anatate&e. Nonetheless, the electrical
properties of the thin film beneath this superfitager should be unaffected.

The presence of the insulating top layer correspandb superficial oxygen
penetration was investigated by removing the fess of nm of an UFA-treated TaTO
film in 1000 ppm Q by bombardment by Ar ions at 0.2 kV acceleratiojage. The
sputtering process was performed at room temperdtatal pressure during treatment
5.7 x 10° Pa). The correlation between sputtering procese tand the removed
material was calibrated by SEM images (10 nm rerfnevary 30 min, see Figure 75
(@)) and independently confirmed by transmittance measents (i.e. interspace from
interference fringes, not shown). Moreover, crosstisnal SEM images acquired for
the sample before and after the sputtering prosesisewved an excellent homogeneity
of the removed thickness (Figure ). Atomic force microscopy (AFMerformed in
tapping/noncontact mode with a Thermomicroscopepgiobe CP Il using Veeco RTESPA
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tips) topographic images show that tRgs is just slightly increased after the removal of

30 nm (from ~ 2 nm to ~ 2.6 nm, Figure ().

(a)

18.42nm 19.33 nm

(b) §

0.00 nm

Figure 75 (a) SEM cross sectional acquisition of UFA crystaliZeEaTO sample in 1000 ppmO
atmosphere before (left) and after (right) the &girtg removal of 10 nm. I{b) are reported the
AFM images acquired for the surface of the sameptarefore (left) and after (rigth) the sputtering
removal of 30 nm.

The removal of the top 10 nm of the thin film ledthe recovery of ohmic
contact characteristic; the subsequent sputtdreo$tirface results in the conservation of
a constant sheet resistance value, and after 3femval the remaining 120 nm thick
TaTO film is shown to totally recover the chargeriea density with respect to the
same film annealed in UFA 20 ppm< 8.76 x 10 Qcm, n = 8.53 x 16° cm).

These experiment thus nicely confirms the presesfca thin surface layer
characterized by a higher oxygen concentrationrasistivity, whose thickness can be
controlled by tuning the oxygen concentration ia thFA atmosphere.

Nonetheless, all the experimental evidences showlrdescussed in this chapter,
as well as in the overall thesis work, are sugggsthat the presence of an oxygen
incorporation profile should be accompanied by asaterable and coherent (in terms
of amount of incorporated oxygen-magnitude of tiamed effect) decrease of the
charge carrier density in the TiDased thin films, leading to the detrimental efffe
their conductivity.

We note that the obtainment of a TCO with a toypetacharacterized by a
graded, decreasing charge carrier profile as atimof the vicinity to the surface
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(whose thickness can be easily and precisely tuittdthe UFA process atmosphere)
could be exploited as a TCO + selective layer #&chire for DSSC or perovskite-
based solar cell devices (see Section 2.1). Itldhmel highlighted that this double layer
structure can be obtained from a single depositiaannealing process (lasting just 5

minutes in a cheap nitrogen-based atmosphere).
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7. Conclusions and perspectives

The evolution of new generation solar cell devioeguires the discovery and
optimization of novel and more performing solutiansterms of materials and cell
architectures (e.g. from dye sensitized to perdediased solar cells), but also a perfect
match among the several material interfaces whichstitute the device. In this
framework, the thorough study focused on the com@tnd understanding of the optical
and electrical properties of Ta-doped 7i@aTO) thin films discussed in this thesis
work is of particular relevance.

TiO, (non-extrinsically doped) is one of the most ergptb materials in several
photovoltaic device architectures; in particularyepresents an efficient and selective
bridge for the separation and transport of the @inerated electrons throughout the
anode side of the device. A well suited energyll@lignment(i) with the photoactive
material (which actively generates the electrorehabuples) in the form of an high
surface area porous layer (photoanode),(@navith the front electrode in the form of a
compact and continuous film (selective layer) ise tiasic requirement for the best
functioning of the device. Since all the anode sitlthe cell has to be characterized by
a high transmittance to the visible light, the glede has to combine both transparency
and conductivity. For this reason a material in thess of Transparent Conductive
Oxides (TCOs) is usually employed. Nonethelessnthst performing TCOs can result
in an unfavorable matching of the energy levelfi\witspect to TiQ eventually causing
a considerable reduction in the overall performanegé the photovoltaic device. In
2005, Nb- and Ta-doped T3TNO and TaTO respectively) has been proposed as a
new class of TCOs. In fact, because of the provwglityato substitute a certain amount
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of Ti atoms in the anatase Ti@ell with a dopant, it is possible to promote myéa
amount of electrons in the conduction band, resglin low electrical resistivity while
maintaining a good transmittance. This discovenyiddgotentially open the way to an
all TiOx-based photoelectrode which could be especiallyamidgeous for dye
sensitized as well as perovskite-based solar netl®nly for a better alignement of the
energy levels throughout the device interfacesalsd for the stability and durability of
the cell due to the intrinsically high chemicalkslizy of TiO,-based materials.

Nonetheless, Ti@based TCOs still suffer of a considerably lackkondwledge
with respect to the most employed TCOs. In paricubetween the two possible
dopants, Ta is thought to have definitive advargagesr Nb for transparent conductive
electrode applications. Nevertheless, so far TaT& lbeen considerably less
investigated then TNO especially in the case of fiins obtained on cheap substrates,
which is a basic condition to be effectively comsill as a suitable candidate for future
application (not only in solar cell devices). Fhistreason in this thesis work | deeply
investigated the structure — property relationshbip TaTO polycrystalline films
deposited on glass. Several open points relateldQg-based materials were faced in
this study, like for example the strict necessityaoreducing atmosphere in order to
obtain highly conducting films.

The synthesis of the investigated TaTO and ;Tglycrystalline films was
accomplished by room temperature Pulsed Laser Miegpo$PLD) on soda-lime glass
substrates followed by a thermal annealing treatrmeorder to crystallize the initially
amorphous films in the anatase phase. Taking adganbf the high control and
versatility of the PLD technique, | developed thbility to finely control the
morphology of the samples by tuning the oxygen bemknd pressure {p) during the
laser ablation process. In particular, compagt 1 — 2.5 Pa) as well as hierarchically
grown — nano-tree shaped porous filmsz(p 10 — 15 Pa) were obtained with several
extrinsic doping concentrations (Ta=0, 1, 5, L.%a

The best functional properties (resistivity of x 20* Qcm for a 150 nm thick
film, with a mean transmittance in the visible rarexceeding 80%) were obtained for
compact TaTO samples (Ta = 5 at.%) depositedcat=p1 Pa and subsequently
crystallized with a so-called “standard” vacuum ealing at 550°C (ramp 10°C/min, 1
hour dwell, p < 4x18 Pa). Notably, the possibility to finely tune théeatrical
properties of TaTO compact thin films after staddaacuum annealing processes was
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independently achieved fofi) different extrinsic dopant concentrations, ad
different oxygen partial pressures during the raemperature deposition process while
maintaining a fixed Ta-doping level. Noteworthygethecorded resistivity variations
were found to be mainly connected with the chaayeier density, which in both cases
could be tuned in a wide range~ 10"° — 16 cmi®). It should be highlighted that while
for (i) this evidence could be reasonably explained witldifferent amount of
substitutional tantalumT@y;) in the lattice, for(ii) the observed behavior (given the
fixed concentration offaz;) should be ruled by the presence / absence of emxyg
vacancies |(;°) coupled with the formation op-type “electron-killer” defects like
titanium vacancies and/or oxygen interstitids;(, 0;"). The formation of different
defects and the presence of a possible interplayngnthem was found to be strictly
related to the oxygen partial pressure during dépasand/or the subsequent annealing
process. In the case of the post-deposition theteatment it was found that even the
presence of some parts per million of oxygen indhaealing atmosphere resulted in
the obtainment of insulating films. Moreover, thellected experimental evidences
point towards the presence of a different defeenubtry between the donor doped and
the undoped Ti@

Since it is plausible to assume that the chargddctte which are obviously
ruling the functional properties in both the dopmad undoped material, should be
present in a significant concentration in the asmtaell, a thorough study of the
structure — property relationships was done withDX&s well as Raman spectroscopy.
A significant trend between the anatase unit calameters and the synthesis conditions
was found for vacuum annealed TaTO thin films vaitiixed doping concentration (Ta
= 5 at.%) deposited at slightly differeng.p Moreover, a deep investigation of the
position and width of Raman active modes was mada arge amount of TiZbased
samples, and confirmed that even the vibrationapgrties of the thin films were
strongly affected by(i) the presence of dopant in the anatase lattice,(igndy the
different synthesis conditions. In particular, & noteworthy to mention the solid
relationship that was found between the shift ef tiost intense anatase Raman active
modeEy(1) and the corresponding charge carrier densigependently with respect to
the presence of a different extrinsic doping amoira = 0, 1, 5, 10 at.%) or the
employed dopant (e.g. Ta or Nb).
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Further studies (e.g. Raman spectroscopy at difféegnperatures or excitation
wavelengths, first principle calculations) shoul@ laddressed in order to fully
understand the physical mechanisms behind theseegting experimental findings.

Furthermore, with the aim of shedding light on gwent defects involved in the
electrical / structural trends which were previguslentified, a Positron Annihilation
Spectroscopy study in Coincidence Doppler BroaderflPAS-CDB) was presented.
The collected experimental evidences showed tlea¢lictrically insulating character in
TaTO should be associated to a higher amouritgf and a lower amount of;* with
respect to the corresponding conducting film. ke¢é&ngly, an indication of a strong
relationship between the extrinsic dopant and tkggen vacancies is found and
preliminary discussed. The future examination efebllected data for TigXilms could
provide important evidences of an hypothesizecedsffit defect chemistry between the
doped and undoped material.

Nonetheless, a possible step further in the doratf a full understanding of the
defect chemistry of Ti@based materials could be related to the employeofesther
complementary experimental techniques, like lifeeti PAS and Extended X-Ray
Absorption Fine Structure (EXAFS), whose resultmbmed with the already acquired
data in CDB could be fundamental in the univocaédaination of the point defects.

Taking advantage of the acquired knowledge on thgsipal mechanisms
behind the functional properties of TiDased films, we also demonstrated the
possibility to fully crystallize TiQbased films exploiting ultra-fast annealing
treatments (UFA) at 460 °C (heating rate 300 °C)irbg monitoring the crystallization
threshold of the films vian-situ resistance measurements. This process not onigesd
the total time (5 minutes vs. 180 minutes for tbeventional vacuum heating cycle at
550 °C) and temperature necessary to obtain highitgupolycrystalline films, but
gives also the possibility to decouple the eleatrproperties from the influence of the
annealing atmosphere during fast crystallizatioamBrkably, UFA performed in N
(20 ppm of oxygen) yields the same conductivity drahsparency of a standard
annealing carried out in vacuum (for both doped andoped Ti®). Furthermore,
complementary experiments (UFA in presence of diffe oxygen concentrations,
Secondary lon Mass Spectrometry) were performed parchitted to experimentally
demonstrate the detrimental role of oxygen incapon on the charge carrier density

for TiO,-based films and the possibility to obtain a sweflyer characterized by lower
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n (and thus a gradient aof in the film). Taking advantage of the obtainedutessfor
ultra-fast annealed TaTO films, it would be possitd obtain a TCO + selective layer
from an UFA crystallization of a single homogenethis film.

A study on the electrical properties of verticatlsiented nanotree-like shaped
porous films was also conducted. This high surfacea films can be employed as
photoanodes, and the possibility to increase teetrein conductivity along the vertical
direction of these nanostructures is an highly rdese property. Nonetheless, the
electrical measurement of these films required owentional contactless techniques.
Experiments employing a synchrotron light sourcariied to find that, similarly to
what has been found for the compact films, thenpaation of different concentrations
of Ta in the anatase matrix resulted in an increéas®l tunable conductivity of the
nanotrees.

It should be noted that this nanotree-shaped-b&3ed porous structures could
be very interesting also in the field of electraoieal or solar water splitting processes,
and a future study addressing the possible advesitad controlling dopant and
morphology for this application could be appealing.

Finally, combining the acquired knowledge on thatkgsis and control of the
functional properties of TaTO films in both compactd porous morphologies it was
possible to obtain multi-layer structures with thien of realizing an all TiQbased
TCO + selective layer + photoanode. This novel tsmtuis currently under testing in
new generation photovoltaic devices in the framéwaran established collaboration
with the research group of A. Abbotto (universitdldlo Bicocca). These combined
structures could be fundamental not only for a meffeciency improvement of the
device, but also for the investigation of the dfilbated physical mechanisms behind

the superior performances of novel perovskite-baséat cell devices.
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