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Abstract

Transparent conducting oxides (TCOs) are nowadays a large market with various important
applications specially in the field of optoelectronics, such as LCDs, touch screens, solar panels, among
others. Despite the recent advancements, the main processes to produce such materials still employ
highly expensive methods based on vacuum environment. This work focusses on the production of
In203 (the most commonly used material, presenting great optical properties and, after doping, great
electrical properties) thin films via solution combustion synthesis (SCS), a low-cost alternative, and is
divided in two steps. The first step focussed on producing, via spin coating, the most adequate thin
film by changing the indium concentration the number of layers, the solvent, to decrease the environ-
mental impact, and the ethylene glycol (EG) concentration, to control the physical properties in prep-
aration for the second step. All thin films were doped with Zr, a type-Ill donor, being the most prom-
ising thin film based on ethanol, a green solvent, with a 20% (EG) concentration (V/V) an In,0; con-
centration of 0.2M and 8 layers, that presented high transparency in the visible range (350 nm to 750
nm) of 82.99%, and a bulk resistivity of 2.82 x 10" Q.cm. Focusing exclusively on electrical perfor-
mance, the most promising film was a 2-methoxyethanol based film, without EG, for an In,05 concen-
tration of 0.2M and 8 layers presented a transparency in the visible range of 83.85% and a bulk resis-
tivity of 9.34 x 102 Q.cm. Once found the most promising thin film conditions (ink viscosity, electrical
properties, and environmental impact) the solution based on ethanol was implemented on inkjet
printing ensuring a proper deposition. For this phase, UV pre-treatment of the substrate, Z-value,
printing resolution (number of dpi) and number of layers parameters were tested. The main property
to be analysed in this work is the film uniformity, with promising results being achieved with uniform
films being obtained with a UV pre-treatment on the substrate for 15 minutes, a resolution between
400 DPIs and 800 DPIs and a single layer.

Keywords: Transparent conducting oxide, solution combustion synthesis, green solvents, zirconium-
doped indium oxide thin films, Inkjet printing.
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Resumo

Oxidos condutores transparentes (TCOs) representam atualmente um mercado enorme com
varias aplicacOes importantes, especialmente no ramo da optoelectrdnica, tais como LCDs, ecras ta-
teis, painéis solares, entre outros. Apesar de avangos recentes, os principais processos de producdo
destes materiais ainda dependem de métodos bastante dispendiosos baseados em técnicas de alto
vacuo. O foco deste trabalho passa pela produgdo de filmes finos de In,03 (0 material mais utilizado,
por apresentar boas propriedades dticas e, depois de dopado, boas propriedades elétricas) por sintese
de combustdo em solugdo (SCS), uma alternativa mais econdmica, e esta dividido em dois passos. O
primeiro passo é a produgao, por spin coating, do filme fino mais adequado variando a concentragao
de indio, o nimero de camadas, o solvente minimizando o impacto ambiental e a concentracdo de
etilenoglicol (EG) de modo a controlar as propriedades fisicas em preparagao para o segundo passo.
Todos os filmes finos foram dopados com Zr tendo sido o mais promissor aquele cujo solvente era o
etanol, um solvente sustentavel, com uma concentragdo de EG de 20% (V/V) uma concentragdo de
In,03 de 0.2M e 8 camadas, que apresentou um filme com uma transparéncia na zona do visivel
(350nm a 750nm) de 82.99% e uma resistividade em volume de 2.82 x 101 Q.cm. Com foco exclusiva-
mente no desempenho elétrico, o filme mais promissor tinha como solvente 2-metoxietanol, sem EG,
com uma concentragao de In,05; de 0.2M e 8 camadas, apresentava uma transparéncia na regiao visi-
vel do espetro de 83.85% e uma resistividade em volume de 9.34 x 102 Q.cm. Uma vez encontrado o
filme fino com as condi¢Ges mais promissoras (viscosidade da tinta, propriedades elétricas e impacto
ambiental), a solugdo baseada em etanol foi implementada por impressdo a jato de tinta garantido
uma deposicdo adequada. Nesta fase, o pré-tratamento por UV do substrato, Z-value, resolucdo da
deposi¢do (niumero de DPIs) e nimero de camadas foram testados. A propriedade analisada foi a uni-
formidade do filme, apresentando resultados promissores usando um pré-tratamento UV por 15 mi-
nutos do substrato, uma resolu¢do entre os 400 e os 800 DPI e uma Unica camada.

Palavras-chave: Oxidos condutores transparentes, sintese de solucdo por combust3o, solventes sus-
tentaveis, filmes finos de 6xido de indio dopado com zircénio, inkjet printing.
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Motivation and Objectives

Nowadays, transparent conducting oxides (TCOs) play a crucial role in the transparent elec-
tronics research field, with growth tendency estimates from 8% to 10% GAGR.[1]-[3].

A lot of common use devices, such as smartphones, wearables, solar panels, to name a few,
all require TCOs for their functioning. Which would explain the increase in demand for these materials,
as the devices themselves become more widespread.

However, yet, many of the processes employed require high vacuum and noble gases, increas-
ing their cost, therefore limiting their viability. With this in mind, the development of manufacturing
alternatives is of the highest importance. Solution based processes, such as solution combustion syn-
thesis, as opposed to the more common production methods, don't require neither vacuum nor noble
gases. Furthermore, the employment of these methods allows for deposition by inkjet, for example,
which is an additive method, disregarding the need of masks and etching, allowing further reduction
of the cost when compared to conventional methods. These processes can use a plethora of different
solvents and precursors, this work, based on a previous work, has an approach more focused on sus-
tainability, employing more sustainable solvents through. And hopes to lay the ground for inkjet print-
ing implementation.

The main objectives of this work are:

e  Optimize the In,03 solution combustion synthesis parameters for both spin coating and
inkjet printing of TCO thin films.

e Produce solution based In,03 TCO thin films via spin coating and characterize them.

e Implement an eco-friendlier solvent alternative to produce TCO thin films and charac-
terize them.

e Implement the most promising solution based In,0s ink via inkjet printing and optimize

the printing conditions, in order to obtain even TCO thin films.

XXV
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1.
INTRODUCTION

1.1. Transparent conducting oxides (TCOs)

Transparent conducting oxides (TCOs) are transparent conducting materials (TCMs) that, as the
name suggests, present both electrical conductivity and transparency in the visible range of the spec-
trum, which requires a bandgap above 3 eV [4], [5]. However, usually this combination of properties
is not very common, most transparent materials are insulators and the electrically conductive mate-
rials do not present the desired transparency|[6].

Nowadays, Transparent Conducting Material (TCMs) are fundamental materials for various
commercial applications, some of which are depicted in Figure 1.1. [7]-[10]

—
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Figure 1.1- Main TCM applications

Images adapted from [17-20]

Despite this materials rarity, the first TCO was introduced over a century ago, by K. Badeker, in
1909[11]. Using thermal oxidation of a thin metal film of cadmium (Cd) deposited by sputtering they
obtained Cadmium Oxide (CdO), the first TCO. However, CdO's thin film toxicity and narrow band gap
limited its applications, even though, through doping, it presented very appealing results, such as a
low resistivity and high transmittance[12], [13].

Later, in the 1960s, indium tin oxide (ITO) was introduced and is still the main TCO material
employed up to this day in electronic devices, and is expected to remain in this position for at least a
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few more years[14]-[16]. However, the high vacuum fabrication method employed, sputtering, in-
creases its cost, calling for alternative processes[14], [17]-[20].

When approaching TCOs it is important to be aware of the main parameters to take into con-
sideration. Given the applications, it needs to present both good electrical and optical properties. The
main electrical property is the conductivity, which is given by: o=p'n'e, where u is the electron mobil-
ity, n is its carrier concentration and e is the electron charge, with the mobility (u) being given by[4],
[5]:

(1.1)

U= m

Where Tis the average scattering time and m” is the effective electron mass. On the other hand,
the main optical properties to consider are the optical bandgap which, in order to achieve transpar-
ency, must be higher than 3 eV and show a low absorption coefficient in the UV-VIS-NIR region. The
fraction of the flux absorbed in a film (A), combines the optical and electrical properties of a film is

given by[5]:

a
A=1-eGR (1.2)

Where «a is the absorption coefficient, o electrical conductivity and R the reflectance. Both these
properties must be considered simultaneously. Since TCOs are semiconductors, their conductivity de-
pends, among other factors, on the doping, both on the dopant itself and the doping percentage,
which in turn influences the optical properties. Also, the thickness of the film and its uniformity are
relevant parameters that affect both properties[5].

1.2. Indium Oxide Doping

Since TCOs are semiconductors by nature, their conductive properties are highly reliant on dop-
ing agents, each resulting in different effects on the final product.

One way to create free carriers is through intrinsic doping, achieved by film stoichiometry vari-
ation. Moreover, altering the growth conditions results in changes to the film, and oxygen deficient
conditions result in a larger amount of defects which is the case for vacuum or a reducing atmosphere
post processing as well. [21], [22]

Though, extrinsic doping, gives a better control over the optical and electrical properties, as well
as better stability when compared to intrinsic doping which is the most popular approach.

One common strategy has been using transition metals (TM) as dopants for n-type TCOs, such
as tin indium (ITO). Depending on their d-orbital levels position relative to the conduction band mini-
mum and to the Fermi level (Ef), TMs can be classified into three categories: type-l, Il or lll. The usual
approach is to employ as dopant a same period next row element to avoid disturbing the crystalline
structure[23]. Sn has been commonly used as a dopant for ITO, however, it may reduce the intrinsic
carrier mobility (1) due to an increase in the electron effective mass (m”). Besides, Sn dopant can only
donate one electron to In,03, requiring a high density of dopant to achieve the desired carrier density
(ne)[24], calling for a replacement.



To achieve the best mobility and donate sufficient electrons into the conduction band (CB) of
the In,03, the dopant should have its donor level high inside the conduction band, as shown in Figure
1.2.
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Figure 1.2-Schematic diagram of the band structures for a) Sn-doped and b) ideal TM-doped In,03 and c) Different
type dopants [15].

Based on the analysis of Figure 1.2 c), it is possible to assess that, type-I dopants (Ti, V and Cr)
are not the most suitable for conduction as their d orbital energy levels are below the conduction
band minimum (CBM). Type-Il dopants (Nb, Mo and W) despite having higher d orbital energy levels
than the same group are lower period dopants which still shows inadequate doping. Given the prox-
imity of Er to the d orbital energy level, this will contribute to an increase in m” not allowing optimal
electrical performance. However, Type-lll dopants (Zr, Hf and Ta) present a d orbital energy level well
above both the CBM and Eg, presenting the highest potential to be used as dopants in indium oxide.

1.3. Solution Combustion Synthesis (SCS)

Solution combustion synthesis (SCS) is a chemical production method for oxide materials, that
derives from sol-gel synthesis[25]. The major advantage of solution-based synthesis processes when
compared to vacuum-based processes is their efficiency and cost. The energy costs and material waste
are greatly reduced. This type of synthesis allows for multiple deposition methods such as spin coat-
ing[18], [26], inkjet printing[27], [28], dip coating[29], flexographic printing[30], amongst others[4],
[31].

Comparing SCS directly with other solution synthesis methods, such as the conventional sol-gel,
this method requires a lower temperature to form the metal oxides. Whereas conventional sol-gel,
relies solely on external heating, SCS employs a fuel that provides further energy to the formation of
the oxide via an exothermic reaction rather than just depending on external heating. This means, in
SCS, after an initial energy is provided (electrical or thermal), upon reaching the ignition temperature
(Tig), a self-sustained redox reaction between the precursor (like metal nitrates) and the fuel occurs,
this results in liberation of heat by formation of CO; and H,0. This means that, the external heating
applied can be lowered, allowing for deposition on a broader range of substrates, particularly sensitive
substrates such as transparent flexible polymers.

The SCS main steps are shown in Figure 1.3. Firstly, the precursor solution is prepared, it com-
bines a solvent, with a metal precursor and an organic fuel. For solvents, water is the most common
one, but other organic solvents like ethanol (ETH) or 2-methoxyethanol (2-ME) have been used when
water isn't suitable. For the metal precursors, considering the counter anion role in the combustion
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synthesis, they can be classified as, oxidants, reducers, or neutrals. The oxidants are metal nitrates or
nitrate hydrates, such as indium (lll) nitrate hydrate, these present great oxidizing power, solubility in
water and polar solvents and low decomposition temperatures. Other metal precursors, such as oxa-
lates, alkoxides, acetates and acetylacetonates act as reducers, these however, require additional ox-
idants. As for neutral precursors, these are chlorine-based that can contaminate the resulting film and,
as a by-product, release HCI[32], [33]. When it comes to the fuel to be used in a solution, it is im-
portant to note all the demands that an ideal fuel must fulfil concerning the final product. Firstly, it
acts as the reducer of the reaction and should be able to, at a lower temperature, undergo combus-
tion. Furthermore, it behaves as a chelating agent that enforces a proper structure and homogeneity
of the final product. There are several types of fuels, even several ways to classify them, being the
most relevant the functional group they present. Urea (CH4N>0) is the most used fuel, it presents two
amino functional groups, as opposed to fuels presenting carboxylic groups (-COOH) like ascorbic acid
(CsHgOs) or hydroxyl groups (-OH) like ethylene glycol. They mainly differ on the intensity of the redox
reduction, where amino groups are the most redox active[33]. Another advantage, besides the oxi-
dating power, of urea is its abundance and enhanced coordination ability relative to metal nitrate

precursors.
FueL  METAL
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|\ ADDITIVES

=
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Figure 1.3-Schematic of the main steps of SCS [22]

For indium oxide (In,03) formation, it can be represented by the following equation:
2In(NO3)3 - 2H,0 + CO(NH,), — In,05 + 4H,0 + CO, + 4N, + 60, (1.3)

The first thin film based on this method was developed in 2003 by Epifani et al. where acety-
lacetone was used as a chelating agent and fuel to create an ITO thin film [32]. Ever since, multiple
TCOs have been developed using this technique, presenting various property differences based on the
different precursors, deposition techniques, temperatures, and fuels.

Table 1.1 summarizes some of the developments over the last decade, resorting to spin coating
deposition. Based on this table, it is possible to verify the range of control solution synthesis provides,
allowing for temperature ranges from 160 °C to 600 °C depending on the materials and annealing/cur-
ing conditions. Moreover, SCS can be combined with ultraviolet (UV) irradiation, allowing an improve-
ment in the quality of the films, whilst further reducing the processing temperature.



When SCS is employed in conjunction with UV irradiation, the UV irradiation has high-energy
photons that facilitate the M-O-M network formation by activating the metal and oxygen atoms. Fur-
ther irradiation contributes to complete condensation and film densification by rapidly decreasing the
oxygen and carbon contents[32]. This effect contributes to better performing films at lower tempera-
tures.

Table 1.1- Properties of different TCO electrodes for different deposition methods and different materials and dep-
osition temperatures (note, * stands for UV exposed film post annealing).

Year TCO Dopant Annealing tem- Deposition Bulk resistivity
perature (°C) Method (x 101 Q.cm)
2012 [14] In203 Sn (10 cat%) 300 Spin-Coating 0.0459
2017 [34] In203 Sn (10 wt%) 300 Sputtering 0.0025
2018 [35] | In,0s Ce (3.7%) 500 Spin-Coating 0.0129
2018 [35] | In,0s Sn (1.36%) 500 Spin-Coating 0.0242
2018 [36] In203 Ti (0.3M) 450 Spin-Coating 0.5000
2020 [37] In203 W (0.5 at%) 500 Spin-Coating 0.0054
2021[38] | In,03 Hf (0.5%M) 600 Spin-Coating 0.0400
2021[39] | In,03 Zr (1%M) 400 Spin-Coating 0.0730
2022 [40] Zn0O - 160* Spin-Coating 0.0217

1.4. Printed TCOs

Despite the practicality and popularity of spin-coating as a deposition method for TCO thin-film,
there are alternatives presenting higher throughput and less material waste such as inkjet print-
ing[27], [41]. Inkjet printing is an additive, maskless, non-contact simple and fast process, that doesn't
require etching and is compatible with multiple substrates, all these properties contribute for a low
cost deposition[41], [42]. It can be divided into two types, continuous inkjet (ClJ), where there is a
constant flow of ink, and the individual droplets are selectively charged and either get deflected by
electric charge on the deflection electrode or are recycled back into the ink tank. Drop on demand
inkjet (DOD) is the other type, where individual droplets are released directly onto the substrate as
required.[43] Within DOD, there are multiples ways to control the selective release of droplets. There
is a thermal process, where a thin film resistive heater on the nozzle vaporizes the ink to form small
bubbles, for this to work, the ink must be vaporizable, another challenge this method might face is
the deposition on more sensitive substrates, due to the heating. A more versatile alternative is the
piezoelectric method where a piezoelectric transducer generates, by application of an electric signal,
a mechanical pulse that increases the pressure in the nozzle releasing the droplets[43], [44]. DOD,
besides presenting less material waste when compared to ClJ, also presents a higher resolution, drops
diameter vary from 20-30 um as opposed to 100 um of the ClJ[42], [44]. Inkjet printing relies on several
ink properties for adequate deposition, these include, the viscosity, surface tension, density, used to
determine the Z-value, that should be between 1 and 10[41], [44].






2.

Materials and Methods

This section explains the main procedures and techniques used during this work, concerning
the production of the zirconium doped indium oxide thin films, as well as their electrical characterisa-
tion. Different parameters such as the solvent (water, ethanol, and 2-ME), the indium concentration,
and the number of layers were studied to define the best condition to apply for TCOs production. The
best performing condition by spin-coating considering the previous parameters was implemented in
inkjet printing where the printing conditions were optimized (DPls, pre-treatment, among others).

2.1. Indium Precursor solution preparation and characterization

The metallic oxide precursor solutions were prepared by dissolving indium (lIl) nitrate hydrate
(In (NOs)s -xH:0, Sigma, 99.9%, CAS 207398-97-8), in 2-methoxyethanol (2-ME, CH3;0CH,CH,0H, Alfa
Aesar, 99%, CAS 109-86-4) with a molar concentration of 0.1 M and 0.2 M. This was followed by adding
zirconium (IV) oxynitrate hydrate (ZrO (NOs),-xH:0, Sigma, 99%, CAS 14985-18-3) in 1%M proportion.
Zr was chosen as the dopant based on the properties presented previously and the doping concentra-
tion was determined in a previous work, based on the lowest bulk resistivity.[39] Then the fuel, urea
(CO(NH,),, Sigma, CAS 57-13-6) was added with a molar ratio between urea and indium nitrate of 2.5:1
to ensure the redox stoichiometry of the reaction. Lastly ethylene glycol (EG, CH,OHCH,0H, Carlo Erba,
CAS 107-21-1) was added in concentrations ranging from 0%(V/V) to 15%(V/V).

For the second stage, the metallic oxide precursor solutions were prepared by dissolving in-
dium (Ill) nitrate in ethanol absolute (ETH, CH3CH,0OH, PanReac AppliChem, CAS 64-17-5) or ultrapure
water, followed by zirconium (IV) oxynitrate hydrate in a 1%M proportion. Then, the ethylene glycol
was added in concentrations ranging from 10%(V/V) to 25%(V/V) to the previous solvents. In the water
solution, due to hydrophobic behaviour when deposited on the substrate, a surfactant was added to
promote the adhesion, sodium lauryl sulfate (SDS, C12H,sNaQ,S, Scharlau, 95%, CAS 151-21-3).

All the solutions were stirred at 450 rpm for, at least, 1 hour and a half at 25°C before use.

Next, the solutions and the precursors and solvents (annex A) were chemically analysed by
Fourier Transform Infrared Spectroscopy (FTIR), using an Attenuated Total Reflectance (ATR) sampling
accessory (Smart iTR) equipped with a single bounce diamond crystal on a Thermo Nicolet 6700 spec-
trometer. The spectra were acquired in the range of 4500-525 cm™. The viscosity of the solutions was
determined by a CAP 2000+ Viscometer, from Brookfield, using a Cap09 Spindle and a volume of 67



UL per sample. Each condition was measured using 2 samples and each sample measured thrice. The
measurements employed a hold of 30 seconds and a run time of 30 seconds, for the 2-ME solutions
400 rpm were used at 25°C whereas ETH samples required 500 rpm for an accurate measurement.
Later, based on the viscosity values obtained the Z-value was determined (the calculation is explained
in annex B).

2.2. Thin film deposition and characterization

Both silicon wafer and Corning eagle glass, with a size of 2.5 x 2.5 cm?, underwent a cleaning
process consisting in an ultrasonic bath for 10 minutes in acetone, followed by a 10-minute ultrasonic
bath in isopropyl alcohol (IPA) at 50 °C, and lastly a submersion in ultrapure water. Finishing the clean-
ing process, the substrates were dried with N; jetting. Later, for the deposition, the substrates were
submitted to an Ultraviolet Ozone surface activation step with a lamp-substrate distance of 4.5 cm in
a PSD-UV Novascan for 15 minutes.

For the spin coating deposition (WS-650MZ-23NPPB from Laurell Technologies) the solution
was filtered through a 0.20 um hydrophobic polytetrafluorethylene (PTFE) filter and the parameters
used were: 35 seconds at 3000 rpm and an acceleration of 2000 rpm/s for each layer, followed by a
5-minute annealing at 400 °C in atmospheric conditions, with a humidity around 40%, between layers,
and a final annealing of 1 hour in similar conditions. The substrates were blown with N, before each
layer deposition to ensure the removal of any impurity.

The films were characterized chemically resorting to FTIR spectroscopy to ensure the elimina-
tion of organic residues and formation of the oxide film, optically and electrically using UV-Vis-NIR
spectroscopy and hall effect, respectively, and their thickness and visual aspect (deposition quality,
amount of impurities) analysed via ellipsometry for the former and optical microscopy for the latter.

The FTIR measurements, similarly to the measurements taken for the solutions, employed an
ATR sampling accessory to obtain a spectrum in the range of 4500-525 cm™.

For the optical characterization, the samples were analysed by a Perkin Elmer lambda 950
UV/VIS/NIR spectrophotometer. The Transmittance (T%) spectra were obtained in the range from 250
nm to 800 nm with a 1 nm step. Later, in order to obtain Reflectance (R%) information to determine
Absorbance (A) for the bandgap calculation, further spectroscopy studies were taken in a Shimadzu
UV-3101PC UV-Vis-NIR Scanning Spectrophotometer resorting to an integrating sphere to obtain both
the Total Reflectance and Total Transmittance.

The films thickness was determined by spectroscopic ellipsometry (Horiba Jobin Yvon, UVISEL
DH10) on the films deposited on the silicon wafers, using two different energy ranges 0-59-6.5 eV and
1.5-5 eV. The data was modulated in DELTAPSI software, the fitting done pursuing the lowest error
function (x?), (fitting and results present in annex C).

Optical microscopy (Olympus BX51 Microscope) using 50x, 100x, 200x and 500x amplification
was employed as a supplementary characterization technique mainly to ensure the quality of the spin
coating deposition, ensuring an adequately low enough number of defects in all the samples analysed.

Before the electrical characterization, aluminium contacts had to be evaporated on top of the
film. The electrodes were deposited using a thermal evaporator in a Van der Pauw geometry with 80



nm of thickness, obtaining 4 samples for each thin film. Electrical characterization by Hall effect meas-
urements (nanometrics) using Van der Pauw geometry followed. A constant magnetic field of 0.51 T
was obtained. Each sample underwent 2 cycles, with an integration time of 1s and a delay time of 1s.

2.3. Inkjet Implementation

For the inkjet deposition was chosen the optimized sample, based on Z value, electrical prop-
erties, and eco-friendliness. Considering these conditions, solution and thin films based on
ETH(80%)/EG(20%) were selected. Firstly, the solution was filtered using a 20 um PTFE filter before
filling the cartridge (Fujifilm Dimatix S-class). The initial test in inkjet printing (PiXDRO LP50 printer)
was to assure the adequate formation of droplets. Once an ethanol-based solution was used the drops
were not particularly big, however, it was possible to remove tailing and secondary drops, by manip-
ulating the pulse shape values.

Unlike with spin coating, for the thin films deposition only Corning glass substrates were used
to deposit by inkjet printing with the same UV/Ozone pre-treatment. Other parameters including a
printhead height (z) of 0.3 mm and printing speed of 150 mm.s! were established. Then, the printing
was optimized by varying DPIs (drops per inch), from 100 to 1200 DPI’s, changing the annealing and
post annealing temperature, the number of layers (1 or 2) and the UV/Ozone treatment between
layers.

The resulting films were observed by the optical microscope (Olympus BX51 Microscope), us-
ing 50x and 100x amplification for printing quality analysis. Lastly, the samples were taken to the pro-
filometer (Bruker DetakXT) to assess their topography and thickness using a 2 um stylus with a reso-
lution of 0.055 um.
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3.

Results and Discussion

This chapter summarizes the results obtained for the different solutions and thin films depos-
ited both by spin-coating and inkjet printing.

3.1. Solutions Characterization

3.1.1. FTIR analysis

Understanding the chemical composition of the precursor solutions is paramount. The chem-
ical bond analysis, resorting to Fourier Transform Infrared Spectroscopy (FTIR), for the different EG
concentration (V/V) solutions performed using the ATR accessory from 4500-525 cm™ is presented in
Figure 3.1. The region marked with 1 (3600 — 2700 cm™) represents the peaks related to the organic
compounds of the solvent, present in both Ethylene Glycol and 2-ME.

In,0, 0.2M Solution 15:&: EG In,0, 0.2M Solution 15% EG
Lo Zr1%Mm 10% EG L zr 1%M 10% EG
Urea 5% EG Urea 5% EG
2-ME 0% EG > ME 0% EG
r 1 3 2 3 456 _7___8
— - I i 1
ﬂf[_M/J I R P A W PO

Y

]

r **-__/*\_—,‘_,JA_JJMMJL/J i B é__wjjv i

- AR R

T
.g_

Absorvance (a.u.)
|
|
\
’J

r

1

4500 4000 3500 3000 2500 2000 1500 1000 2000 1750 1500 1250 1000 750
Wavenumber (cm™) Wavenumber (cm™)

Figure 3.1- FTIR Spectra of 2-ME solutions a) range 4500-525 cm! b) range 2000-525 cm!

All the peaks are presented in Table 3.1 for further analysis. There are more peaks from the
organic solvent presented, which will be analysed further. Peaks 2 (1650 cm™) and 3 (1456 cm™) can
be attributed to C=0 and C-N bond respectively, both from urea. Peaks 4 to 8 are also organic com-
pounds and are from 2-ME solvent. Also, to note that the chemical composition of the solutions
doesn't change with the EG concentration. Full spectra for the precursors and solvents can be viewed
on annex A.
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Table 3.1- Characteristic absorbance peak and corresponding chemical bonds and respective vibrational modes for the InOy

Zr-doped solution in 2-ME

Number | Wavenumber Peak Vibrational Mode Chemical Reference
(cm™) bond
2 1650 Stretching c-0 [45]
3 1456 Stretching C-N [46]
4 1190 Stretching c-0
5 1120 Stretching Cc-O0
6 1060 Stretching c-0 [45]
7 889 Bending C-H
8 830 Bending C-H
3.1.2. Viscosity

Given the inkjet deposition intent, the viscosity measurements are crucial. The viscosity and
Z-value of the solutions were obtained and considered in order to determine the compatibility of each
solution to inkjet printing, with Z-value within 1 and 10[41]. Figure 3.2 presents viscosity and Z-value

of the different solvent solutions and the EG concentration. The Z-value calculations are presented in

a) b)
16 In,0, 0.2M Soluti B ETH
N2g O olution 5.0 | In,0, 0.2M Solution e
Zr 1%M B 2-ME 26 19N ' = ETI\TE
14t B Vater 457 ? B \Vater
%, ® I o 4.0
2127 235}
.g . i g 3.0
210} N
> 25} i 1
¢ - (] (] .
8l 20} ] - .
1 L L L L 1 1.5 L L L | | )
0 5 10 15 20 25 0 5 10 15 20 25
EG (%) EG (%)

Figure 3.2- a) viscosity and b) Z-value for the 2-ME, ETH, and water solvents

NOTE for black and white printing: 2-ME solution is represented by squares, ETH by triangles and Water by circle.
annex B.

Based on figure 3.2 a) the increase in EG concentration (V/V) has a positive effect in the vis-
cosity of the solution, regardless of the solvent adopted. Moreover, for similar EG concentrations, 2-
ME solutions present a higher viscosity compared to ethanol, which is to be expected, as 2-ME pre-
sents a longer polymeric chain being more viscous than ETH.[47] Water on the other hand presents a
similar viscosity for the same EG concentration as ethanol, which, considering the physical properties,
such as surface tension as well as the molecular structure differences, was surprising . Figure 3.2 b)
shows the Z-value, a more relevant value for inkjet printing, which is this case. Unlike with the viscos-
ity, the EG concentration has a much lower influence, showing just a slight decrease in Z-value as EG
concentration increases, both for 2-ME and ETH. A small difference is also present when comparing,
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considering the same EG concentration, 2-ME to ethanol as solvents, where ethanol shows a slightly
higher Z-value compared to similar 2-ME solution; water however has a more noticeable difference
when compared to the other solvents, the Z-value it presents is relevantly higher despite being within
the optimal range, 1<7<10.[41]

3.1.3. Solubility assessment and stability
Before deposition, a last and very important analysis takes place. To proceed to deposition, it
is important that the solution is uniform and well dissolved, not only to ensure the solution combus-
tion synthesis occurs as planned, but also to ensure uniformity of the film. Figure 3.3 shows different
solutions and solution attempts and allows to conclude which were adequate to follow up with dep-

osition.

Figure 3.3- A) 2-ME solvent, 10% EG solution B) ETH solvent, 10% EG with urea C) ETH solvent, 10% EG, without Uuea D) Water
solvent, 10% EG, without SDS E) Water solvent, 10% EG, with SDS.

As can be seen in figure 3.3, there were no dissolution problems for 2-ME. Ethanol was the
solvent for the following solutions. In this case, the urea had trouble dissolving despite being within
the solubility limits for ethanol.[48], [49]. A solution without urea was attempted, and resulted in a
clear, well dissolved solution, so it was employed. Lastly, ultrapure water was used as a solvent, and,
using the same components as the ethanol solution preceding it, the dissolution was achieved. How-
ever, due to problems with the deposition, attributed to differences in surface energy, SDS was added
to mitigate such issue. This, however, resulted in a poor dissolution. After the study, ethanol was cho-
sen since it allowed good dissolution and showed potential for adequate thin films, whilst being more
sustainable than 2-methoxyethanol which is carcinogenic.

3.1.4. Thermal characterization

To evaluate the decomposition of metal oxides a thermal characterization was performed for
the most promising solution concerning their implementation in inkjet printing. Figure 3.4 show both
the thermal gravimetry (TG) and the differential scanning calorimetry (DSC) results for the Zr (1%M)
doped In,0;3 precursor solution with a concentration of 0.2M and a EG concentration (V/V) of 20% in
ETH.
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Figure 3.4- DSC-TG analysis of powder for a Zr-doped In,03 20% EG (V/V) in ethanol solution.

From Figure 3.4 an endothermic peak in noticeable at 167°C, it is accompanied by a mass
reduction, this can be a result of evaporation of solvent since we have a mixture of two solvents
which boiling points are 78.2°C and 197°C for ethanol and ethylene glycol, respectively. As tem-
perature increased there are two exothermic peaks, at 293°C and 385°C, for the latter tempera-
ture the sample shows a slight mass loss. This indicates that, for complete formation of the thin
film, the minimum required temperature is 385°C. Given these results, the annealing tempera-
ture of 400°C proves adequate. None of the exothermic peaks is particularly intense, which, con-

sidering the lack of a proper fuel like urea could be expected.

3.2. Spin Coated thin films characterization

As a part of the optimization process, different factors, like indium precursor concentration,
number of layers, solvent employed and EG quantity were studied, and their effects regarded for op-

tical, chemical, physical and electrical properties.

3.2.1. Indium precursor Concentration influence

For this parameter, two different concentrations were studied, 0.1M and 0.2M.
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3.2.1.1.

Figure 3.5 presents the thin films FTIR plot for both concentrations.

Chemical Analysis

Film
Zr 1%M
Urea

Absorvance (a.u.)

—— 0.2M InOx
—— 0.1M InOx

1500 1250 1000 750

Wavenumber (cm™)

Figure 3.5-FTIR Spectra for Zr-doped In,03 0.1M and 0.2M concentration thin films

From Figure 3.5 one can conclude that the indium precursor concentration does not have a
large impact in the film formation. As to be expected, on the chemical properties, both solutions pro-
duced similar thin films. The main peaks are shown in Table 3.2.

Table 3.2- Characteristic absorbance peaks and associated vibrational modes of the corresponding chemical bonds.

Number | Wavenumber Peak (cm™) Vibrational Mode Chemical bond Reference
1 1108 Transverse Optical Stretching Si-O
2 740 Stretching In-O [38]
3 620 Bending In-O

Furthermore, Figure 3.5 allows the conclusion that the In,0s3 thin film was successfully formed,
as proven by the peaks at 740 cm™ and 620 cm™ indicating the formation of In-O bonds. Moreover,
comparing either spectrum to the solution ones, as shown in Figure 3.6, the decrease in organic peak

in the region noted with the number 4 results from the evaporation of the solvent as expected.

L In,0,0.2M
Zr 1%M

r Urea

2-ME

Si Thin Film

Absorvance (a.u.)

Solution 4%

4500 4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3.6- FTIR spectra for Zr-doped In203 solution and thin film
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3.2.1.2. Thickness effect

The films thickness was determined, as aforementioned, by ellipsometry. The thickness af-
fects both the electrical properties (in general, the thicker the film, the lower the resistivity, a desirable
effect) as well as the optical properties —transparency - which is also affected, however, in this regard,
the more desirable properties appear for thinner films (a thinner film is more transparent). Figure 3.6
shows how the indium precursor concentration affects the film thickness. In both cases, the film was
deposited on a Si substrate, and both had 8 layers deposited. The difference is clear, higher concen-

tration results in thicker films.
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Figure 3.7- Thickness of Zr-doped films with different In,03 molar concentration

3.2.1.3. TCOs electrical properties

The electrical properties were obtained by Hall effect measurements, which can determine not
only the resistivity, but also the Hall coefficient, carriers’ mobility, and concentration. Table 3.3 sum-
marizes the electrical properties of 8-layer films deposited on Corning glass, for both precursor con-
centrations. There is a noticeable difference in the resistivity of both films. The 0.2M film has better
performance for all different properties, Hall coefficient and mobility, and in the carrier concentration.
Based on Table 3.3, 0.2M was the concentration used for the rest of the work. Table 3.3 also presents
the requirements, sheet resistance and carrier density, for both touch screen electrodes (TSE) and thin
film solar cells (TFSC) and large area flat panel displays(LAFPD)[50].

Table 3.3-Hall effect measurements of the Zr-doped In,05 thin films annealed at 400° C and produced with different molar
concentrations.

InOx Resistivity Hall Carrier concentration
precursor so- Sheet Bulk Coefficient Mobility Sheet Bulk
lution concen- (x 10*Q.sq) (x 101 Q.cm) (m?/C) (cm?/V.s) | (x 10 cm?) | (x 108cm3)
tration (M)
0.1 248 90.768 -51.6 0.21 -1.21 -3.306
0.2 0.9335 0.920 -1.96 2.10 -31.93 -32.419
TSE 0.4-0.7 - - - - -100-1000
TFSC/LAFPD 0.001 - - - - -100-1000
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3.2.2. Influence of the number of layers

For this study 8 and 10 layers were deposited from the same solution, like determined before,
with an indium precursor concentration of 0.2M. No chemical differences were noted (annex C), as to
be expected, so only the thickness and electrical properties were analysed.

3.2.2.1. Thickness

Like before, the thickness was measured in Si substrates by ellipsometry. Unlike with the var-
iation in indium precursor concentration, the study on the number of layers resulted in a smaller dif-
ference, 8 layers presented a thickness of 98.5 + 1.5 nm whereas 10 layers showed slight increase,
105.8 + 0.89 nm, which was not significant, considering an increase of 25% in the number of layers

resulted in an increase of 7.4% in thickness.

3.2.2.2.

The Hall effect measurements, concerning the number of layers, are shown in Table 3.4. As

Electrical properties

expected, increasing the number of layers, by increasing the thickness, reduces the resistivity of the
film. The carrier concentration remains quite similar. The Hall mobility, however, presents the biggest
difference, being the main factor for the resistivity reduction. However, and despite the slight im-
provement in the electrical performance, 8 layers were chosen over 10 layers for the remaining work,
the reduction in resistivity is within the same order of magnitude. Additionally, increasing the number
of layers contributes to an increase in both usage of material as well as time required for the deposi-
tion, and introduces more interfaces, which are the most susceptible areas to introduction of defects.

Table 3.4-Hall effect measurements of Zr-doped In,03 thin films annealed at 400° C and produced with different number of

layers.
Number of Resistivity Hall Carrier concentration
layers Sheet Bulk Coefficient Mobility Sheet Bulk
(x 10*Q.sq) (x 101 Q.cm) (m2/C) (cm?/V.s) | (x 10" cm?) (x 10%cm™3)
8 0.9335 0.920 -1.96 2.10 -31.93 -32.419
10 0.6354 0.672 -1.82 3.00 -34.44 -32.554
TSE 0.4-0.7 - - - - -100-1000
TFSC/LAFPD 0.001 - - - - -100-1000
3.2.3. Ethylene Glycol volume influence in the film properties

Presented here are the EG volume effect for 2-ME solution based thin films. Despite being a

compound added to the solution, to control the physical properties, chemically it does not present

significant changes as is presented in Annex D. The same study for ETH based solutions is presented

further ahead in this work.
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3.2.3.1. Thickness
As presented before, EG concentration influences the viscosity of the solution, which, in turn,

is expected to result in thickness variations. Figure 3.8 shows the results of the ellipsometry measure-
ments.

g5t Films deposited on Si
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Figure 3.8- Thickness of 2-ME based films deposited on Si annealed at 400 °C, with different EG volumes.

From figure 3.8, it becomes apparent that increasing the EG contributes to the decrease in
thickness of the films, up to 15% EG concentration (V/V). Despite the increase in viscosity, that, main-
taining the other properties the same, should result in thicker films, there is an increase in density as
well as a slight increase in the boiling temperature.[51], [52] The increase in boiling temperature re-
duces evaporation during the spin coating process. This evaporation is responsible for an increase in
viscosity during the spin coating process, reducing it will reduce the thickness of the films. Further-
more, an increase in density results in thinner films.[53] However, another explanation for the result
showed is the inadequacy of the model used in the ellipsometer. As the EG concentration increases
the model might become unfit for these conditions.

3.2.3.2. Electrical properties

Like with the previous studies, the electrical properties are the most relevant ones. Table 3.5
synthesizes the hall effect measurements of the 2-ME, 8-layer thin films, for EG concentrations from
0% (V/V) to 15% (V/V). Table 3.5 shows that an increase in EG concentration has a slight negative
effect on the electrical properties, however, in the studied range, the difference is not significant.
Either concentration would be suitable for the desired application.

Table 3.5-Hall effect measurements for 2-ME based Zr-doped In,0s3 thin films for different EG concentration.

Percentage of Resistivity Hall Carrier concentration
EG (V/V) Sheet Bulk Coefficient Mobility Sheet Bulk
(x 10*Q.sq) (x 101 Q.cm) (m2/C) (cm?/V.s) | (x 108 cm?) | (x 108cm?)
0% 0.9335 0.934 -1.96 2.10 -31.933 -31.933
5% 2.3813 1.910 -2.83 1.20 -22.547 -28.113
10% 2.2403 2.014 -2.27 1.02 -27.890 -31.023
15% 5.7440 4.630 -3.42 0.60 -18.590 -23.065
TSE 0.4-0.7 - - - - -100-1000
TFSC/LAFPD 0.001 - - - - -100-1000
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3.2.4. Solvent study

After completing the 2-ME based studies, given the toxicity of such solvent, the search for
alternative solvents was followed. For the alternatives, greener solvents were preferable, such as wa-
ter and ethanol, however water was unusable as a solvent when attempting to deposit it. Following
the previous studies, EG was employed to control viscosity for inkjet application, for ETH, in higher
volumes.

3.24.1.
The ellipsometry results are presented in Figure 3.9 for both ETH and 2-ME based thin films.

Thickness

The EG concentration presents a similar influence in both solvents. It had, however, different orders
of magnitude. In both cases, the increase in EG concentration resulted in thinner films. In the 2-ME
based solutions, despite the increase in viscosity, due to an increase in density as well as a slight in-
crease in boiling temperature and surface tension, a higher amount of solution is expelled over the
edge of the substrate for EG concentrations up to 10%. For 15% these effects are less prevalent and
the increase in viscosity was responsible for a slightly thicker film. Since the difference in ETH and EG's
boiling point is greater than that between 2-ME and EG, the addition of EG to the ethanol solution
showed a more prevalent effect in reducing the film's thickness, up to a concentration of, at least,
25%, with a greater difference in thickness when compared to the 2-ME solutions.

For ETH based solutions, the resulting films presented a higher thickness for similar EG concen-
trations when compared to the 2-ME equivalent film. Such difference can be explained by the lower
boiling point of ethanol that, during the spin coating might evaporate at a higher rate, resulting in a
higher viscosity through the deposition process and fewer losses due to solution being expelled from
the side of the substrate. [53]—[55]

200
| 8 Layers - ETH
180 | 'n20; thin films - 2-ME
— L Zr 1%M
E 160 - annealing 1Th @400°C
C | A
» 140+
w0
QC) I
£ 120 | . A
Q i
< 100 ¢
=g ’
80 B . u "
60— ' 0 >

L L 1 L 1 2
0 5 10 15 20 25
EG (%)
Figure 3.9- Thickness of both 2-ME and ETH based Zr-doped In203 thin films with different EG concentration.

NOTE for black and white printing: 2-ME films are represented as squares and ETH film as triangles.
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3.2.4.2. Electrical characterization
To complete the study, the Hall effect measurements were taken and are shown in figure 3.10.
and in Table 3.6. the exact measurements can be analysed. Just like with 2-ME, increasing the EG
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Figure 3.10-Sheet resistivity of Zr- doped In,0s3 thin films for 2-ME and ETH samples

NOTE for black and white printing: 2-ME films are represented as squares and ETH film as triangles.

concentration in ETH based solutions results in a slight increase in the resistivity. Exceptions to this
appear in thin films from both solvents, for 10% EG concentration in 2-ME based film and 20% for ETH
film, which can be due to ambient factors, such as a difference in humidity or another condition during
deposition. Another factor, the solvent employed, also shows an influence in the resistivity of the thin
films, with ETH films, for the same EG concentrations, presenting a lower sheet resistance, however,
this does not translate to the bulk resistivity. Considering the results, the ETH with 20% EG quantity
(V/V) ink will be the employed solution for the inkjet printing.

In Figure 3.10, the bulk resistivity for Zr-doped In,03 thin films is presented for 2-ME solution,
with an EG concentration between 0%(V/V) and 15%(V/V) with a 5% interval. Besides, it also presents
the bulk resistivity for Zr-doped In,0s thin films from ETH solution, however, for this solution, the EG
concentration stands between 10%(V/V) and 25%(V/V), also with a 5% interval between concentra-
tions studied. These same results, as well as the sheet resistance, Hall coefficient and mobility and
Carrier concentration in bulk and sheet for the same films are summarized in Table 3.6.
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Table 3.6-Hall effect measurements for all the Zr-doped thin films from both 2-ME and ETH solutions, with EG con-
centrations from 0% to 15% for 2-ME solutions and from 10% to 25% for ETH solutions.

Resistivity Hall Carrier concentration
Percentage Solvent Sheet Bulk Coeffi- Mobility Sheet Bulk
of EG (V/V) (x 10*Q.sq) (x 10 cient (cm?/V.s) | (x 10 cm2) | (x 108cm3)
Q.cm) (m?/C)
0% 2-ME 0.9335 0.934 -1.96 2.10 -31.933 -31.933
5% 2-ME 2.3813 1.910 -2.83 1.20 -22.547 -28.113
10% 2-ME 2.2403 2.014 -2.27 1.02 -27.890 -31.023
10% ETH 1.7418 2.421 -1.41 0.82 -45.398 -32.645
15% 2-ME 5.7440 4.630 -3.42 0.60 -18.590 -23.065
15% ETH 2.8585 3.945 -1.62 0.57 -39.300 -28.118
20% ETH 2.4968 2.822 -1.75 0.70 -35.665 -31.570
25% ETH 4.1470 4.355 -2.20 0.53 -28.415 -27.065

3.2.5. Optical analysis

The optical properties of the thin film are of the upmost importance, for the desired transparent
electronic applications. This analysis is based on firstly a macroscopic observation to have a general
idea of the transparency and of any evident defects. Secondly, a microscopic analysis allows to confirm
the dimensions, extent of the defects and overall smoothness of the film, it also reveals any other
defects previously unnoticeable. Lastly, UV-Vis-NIR spectroscopy is employed for in-depth under-
standing of the film’s interaction with light of different wavelengths, assessing the transparency, and
determining the bandgap.

3.2.5.1. Macroscopic analysis

In Figure 3.11 it is possible to note that, despite all films being transparent, there is quite a
difference between the 2-ME based when compared to the ETH based ones. For the different deposi-
tions, the outside edge tends to present a bluer tint, this happens for all samples. The 2-ME samples
present a narrower edge and for the ETH films, this edge narrows as the EG concentration increases,
this might be due to the evaporation that occurs during the deposition. By increasing the boiling point,
in the case of the ETH films, the film will evaporate at a lower rate, presenting a more uniform film.
When it comes to the ETH films, these present a slight yellow tint in the middle that the 2-ME do not,
they are more colour neutral. This property seems to be exclusively attributable to the solvent since
the differences in EG concentration have no such effect in either solvent. Depending on the usage this
might have to be addressed. When implementing in a solar panel, for example, considering the overall
transparency it might not be an issue. Whereas for LCD implementation, it will require a colour ad-
justment, a slightly bluer backlight for example might counteract the issue.
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Figure 3.11- Photos of the Zr-doped In,0s3 thin films deposited on the corning substrate:
2-ME a) 0% EG, b) 10% EG and ETH ¢)10% EG, d)15% EG, €)20% EG, f)25% EG.

NOTE: all thin films presented have 8 layers except e) which has 7 layers in the picture
(note for scale: corning glass has 2.5cm side length)

3.2.5.2. Microscopic analysis

The uniformity of the film is an important parameter, however, during the deposition and an-
nealing, the formation of bubbles might result in a material accumulation that will result in film de-
fects. This risk and magnitude of defects naturally increases with the number of layers, each layer has
potential to introduce defects onto the film. Other sources of defects could be dust that, despite blow-
ing all the films between each layer through the spin coating step might still be present, or even an
insufficient cleaning process or mishandling between the cleaning and the deposition. In this chapter
different films will be analysed to draw conclusions about the impurities.
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200 pm

Figure 3.12- Zr-doped In203 thin film on Si substrate images under 50x ampliation with different solvents: 2-ME a)
0% EG, b) 10% EG and ETH c) 10% EG, d) 15% EG, e) 20% EG, f) 25% EG, all of the films were 8 layers

From analysing figure 3.12, it appears that ethanol-based films present fewer defects, with
10% EG 2-ME film (figure 3.12 a)) showing the most defects of all films, however it could be due to a
particular batch. For ETH films with lower EG concentration (figure 3.12 c) and d)) these seem to pre-
sent the smoothest films, showing just a few defects with the rest of the film appearing very even. As
the EG concentration increases in the ETH films (figure 3.12 e) and f)) there appears to be a formation

of a pattern of spots.
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3.2.5.3. UV-Vis-NIR spectroscopy

To attest the transparency, a UV-Vis-NIR spectrometer (Perkin EImer LS55) was employed, and
the transmittance measured for wavelengths between 250 nm and 800 nm. The full spectrum analysis
is presented in Figure 3.13.
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Figure 3.13-Spectroscopy analysis of Zr-doped In,0j3 thin films from both 2-ME and ETH solutions, all thin films had

8 layers and were deposited in Si
Considering the spectra obtained, the differences in transmittance between the samples are
not particularly significant, however, the condition of 2-ME with 10% EG showed the lowest transmit-
tance. When both 2-ME and ethanol were used as solvent, the resulting films showed adequate trans-
parency. The most relevant interval of the spectrum is the visible light, as such an average from 400
nm to 750 nm was obtained for comparison between the films. The results are presented in Table 3.7.

Table 3.7- Average Transmittance of Zr-doped In,03 thin films over the visible range

Sample Average transmittance
(750nm-400nm)
2-ME 83.9%
2-ME 10% EG 78.9%
ETH 10% EG 84.3%
ETH 15% EG 87.8%
ETH 20% EG 83.0%
ETH 25% EG 83.2%

Lastly, based on the transmittance and reflectance, the optical bandgap for some thin films was
calculated resorting to the Tauc's Plot. The methodology is explained in Annex E.
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Figure 3.14-Tauc's plot for Zr-doped In,03 thin films for: a)2-ME 10% EG b)ETH 10% EG and c)ETH 20% EG thin films.

The values for the bandgap are presented in Table 3.8, based on the fitting presented in Figure
3.14.

Table 3.8- Calculated values for bandgap of different thin films presented in Figure 3.14.

Sample Bandgap (eV)
2ME 10% EG 4.15
ETH 10% EG 4.07
ETH 20% EG 4.07

The values presented in Table 3.8 confirm not only the transparency of all the thin films but also
the influence of the solvents used in this case. The EG concentration has no influence in the bandgap
and the difference between 2-ME and ETH is insignificant. And the bandgap values are within the
expected value for In,0s3 thin films (3.5eV-4.3eV).[56]

3.3. Implementation of Inkjet Printing for film deposition

Once determined the most suitable solution, inkjet implementation was followed. Firstly, and
followed throughout, the formation of the drops had to be ensured, manipulating the wave pulse.
Ethanol is a solvent with a low surface tension and viscosity (annex B), this meant the resulting drops
were relatively small despite the EG addition to help combat the issue. Still, there was a formation of
drops and elimination of any tailing drops, proving adequate for the deposition. The main parameters
to consider where: UV pre-treatment of the substrate before printing, number of DPIs (dots per inch)
for printing and number of layers of the thin film. All depositions used a distance to the substrate (z)

of 0.3 mm.
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3.3.1. UV treatment

The first test conducted In the inkjet Implementation was the UV treatment of the substrate.

_ : 15 Minutes UV
No Uv treabmenb : i @ 4cm

0

As shown in figure 3.15, without the UV pre-treatment of the substrate, the drops do not
spread, therefore making it impossible to create a film. But, with a 15-minute UV pre-treatment, the
desired effect was reached, and the drops spread and join each other forming a thin film. Considering
the results of this test, all the subsequent films were deposited on a Corning glass substrate after
undergoing a 15-minute UV pre-treatment.

3.3.2. DPI study

Afterwards, the DPI study was conducted, the goal was to form uniform thin films. The study
was performed from 100 DPIs to 1200 DPIs. The films underwent an annealing of 10 minutes at 130°C
after the deposition.

. |_500pm | " 500 ym . g ~"500um
Figure 3.16- Inkjet printed single layer Zr-doped In,05 thin films, deposited with a) 100 DPIs b) 200DPIs c) 400 DPIs d) 600 DPIs e) 800
DPIs f) 1000 DPIs g) 1200 DPIs

Figure 3.16 summarizes the DPI study. At 100 DPIs, It Is only possible to discern a few drops,
for an unknown reason the drops did not spread throughout the substrate. 200 DPIs resulted in a
square forming, however, the spread resulting from this resolution was not good enough to result in
a film which resulted in printing a dotted square. From 400 DPIs to 800 DPIs the results showed the
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most promise. 400 DPIs and 600 DPIs still show a few circles where film formation did not occur de-
spite an even film outside of such circles. 800 DPIs, despite a few imperfections in the films, showed
adequate spread and formed a thin film. Higher DPIs, 1000 DPIs and 1200 DPIs resulted in cracked
films, most likely due to accumulation of ink which results in a release of gaseous products during

annealing.
140+ = Thickness N
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c v Lowest Valley
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3 80 [ 10 min @130° annealing
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Figure 3.17-Average thickness, highest peak and lowest valley for inkjet printed samples with a resolution
ranging from 100 to 1200 DPIs.

Analysing Figure 3.17 a clear trend allows to conclude that an increase in resolution results in
thicker films. Moreover, indicated by the error bars, the roughness of the films tends to increase with
the resolution. Lastly, 600 DPIs presents the more uniform films across the analysed area, with both
the highest peak and lowest valley being the closest to the average thickness. Additionally, 1200 DPIs
shows a non-uniform spread throughout the length of the measurement, presenting an accumulation

of ink. Full results are shown in Annex F.
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3.3.3. Number of layers study

Once single layer films were successfully printed, the next step was increasing the number of

layers.

ré .18- Films depositjet printing from 600 Ps t 00 Dssivated substrates and er a 10-minute
annealing @130°C for both layers.

Figure 3.18 presents the results of the layer study. The single layer films, displayed in the upper
row, were already discussed in chapter 3.3.2. The substrates were subjected to a UV pre-treatment as
before and UV treatment between layers besides a 10-minute annealing at 130°C between layer and
after the second layer, for this last layer it underwent a post annealing for 30 minutes at 300°C. For
the 2-layer films, the results are not as promising, yet, as the single layer ones. For 800 DPIs and 1000
DPIs, the ink adhesion seems insufficient despite UV treatment between layers. It can be due to a poor
adhesion on the first deposition, mostly due to some form of malfunctioning along the process since
the parameters were the same as the ones for the single layer (top row). Another reason can be the
second layer not adhering well to the top of the first, problem that did not occur for the spin coating
depositions, and that can be attributed to the annealing at 130°C. For 600 DPIs, part of the film is more
uniform. However, the shape is very poorly defined, raising an issue still.
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4. Conclusions and Future Perspectives

This dissertation’s main goal was to study and optimize solution-based Zr doped-InO for TCO
applications. Furthermore, the approach employed focused on sustainability, with the study of etha-
nol (ETH) as a solvent and inkjet printing as the deposition method, an additive process, removing the
need for masks and etching and making the process less dependent on expensive industrial tech-
niques.

Firstly, 2-methoxyethanol (2-ME) was employed as a solvent for the initial study of the effects
indium precursor concentration, the number of layers, and ethylene glycol (EG) concentration had in
the electrical properties. Using urea as fuel, the better concentration was 0.2M when compared to
0.1M. Regarding the number of layers, 8 and 10 layers were the chosen values, and the result showed
no significant difference. This led to the adoption of 8 layers, since it not only uses less material and
requires less time (a bigger issue in industrial applications when compared to research) but also re-
duces the number of interfaces, which leads to a reduction in the potential number of defects. Lastly,
EG concentration was varied from 0% (V/V) to 15% (V/V) in 5% (V/V) steps and, despite the negative
effect it had in the conductivity of the films, it was not significant enough to offset the influence it had
on the viscosity, a fundamental property for inkjet implementation.

After the first results and achieving promising conductivity for the desired application, optimiz-
ing the process for greener solvents followed. Water and ethanol were the solvents of choice. For the
water solution, it would not adhere to the substrate and the addition of a surfactant (SDS) to help with
the deposition lead to an unusable solution, given the dissolution issues. The ETH solution had issues
dissolving urea. The solution was to use, in the ETH solution, EG not only regarding viscosity but fuel
as well, the exothermic reaction would not be as pronounced, but still presented adequate thin films.
Since ethanol is a more volatile and less viscous solvent when compared to 2-ME, the EG concentra-
tion studied was higher (10% (V/V) to 25% (V/V)). Once again, the electrical effect of the EG was min-
imal, so the concentration chosen was 20% (V/V).
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Table 4.1 -Bulk Resistivity of multiple TCOs with different dopants and from different deposition methods

Note: the first sample of my work, is the one presenting the best electrical properties (2-ME 0%(V/V) EG 10 layers)
Whilst the second sample is the one employed by the inkjet (ETH 20%(V/V) EG 8 layers)

Year TCO Dopant Annealing tem- Deposition Bulk resistivity
perature (°C) Method (x 101 Q.cm)
2017 [34] In203 Sn (10 wt%) 300 Sputtering 0.0025
2018 [35] In,03 Ce (3.7%) 500 Spin-Coating 0.0129
2018 [35] In203 Sn (1.36%) 500 Spin-Coating 0.0242
2018 [36] In203 Ti (0.3M) 450 Spin-Coating 0.5000
2020 [37] In,03 W (0.5 at%) 500 Spin-Coating 0.0054
2021 [38] In,03 Hf (0.5%M) 600 Spin-Coating 0.0400
2021 [39] In,03 Zr (1%M) 400 Spin-Coating 0.0730
2022 [40] Zn0O - 160* Spin-Coating 0.0217
This Work In,03 Zr (1%M) 400 Spin-Coating 0.672
This Work In203 Zr (1%M) 400 Spin-Coating 2.822

Lastly, regarding the inkjet implementation, and considering the focus of this work, this step
was approached as a "proof of concept", focusing in obtaining films and optimizing the uniformity of
the films, rather than optimizing their electrical properties. The main variables studied were the UV
substrate pre-treatment, which was fundamental for the solution adherence, resolution of the print-
ing, in dots per inch (DPIs), that control the spacing between the drops and the overall usage of ink in
a film. Lastly, the number of layers, in this case and as established before, was employed as a proof of
concept that layers could be stacked. The results yielded from this last step showed that 15-minute
UV pre-treatment at 4 cm distance from the lamp is enough for deposition and that the best resolution
for printing with this solution is between 600 DPIs and 800 DPIs. As for the multiple layers study, it
was inconclusive. Despite the inadequacy of the deposition, with poor adhesion of the second layer
for the multiple DPIs studied, further investigation can lead to better results.

Upon the conclusion of this research, there are a few research-worthy parameters and studies
to complement my own:
o Perform a study on the effects of relative humidity on TCO films properties.
e Continue the layer study by varying UV exposure, annealing temperature, and time be-
tween layers.
e Study the electrical properties of the printed films complemented with a thickness as-
sessment.
e Further investigate inkjet printing, regarding different parameters such as UV exposure
during deposition

e Employ the most promising film in devices requiring TCOs.
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A.

FTIR of the Precursors

FTIR spectra for the different solvents and precursors are presented in:
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Figure A.1- FTIR spectra for EG and 2-ME reactants.
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Figure A.2- FTIR spectra for urea, indium and Zr precursors.



Z-Value calculation

To better compare the inkjet printing potential between the different solutions the z-value had
to be calculated. The z-value is defined as the inverse Ohnesorge number and compiles the different
relevant parameters in order to assess the printability of a certain ink. The equation defining the Z-
Value is as presented:

7 =0h!= vpyd (B.1)
n

Where p is the density, y the surface tension, d the nozzle size and n the dynamic viscosity of
the fluid.

For this work, the nozzle used had 21 um of diameter, the viscosity values used for the calcu-
lation were taken from the measures taken and the values used for the surface tension and density
of the different components of the ink solution are presented in the following table:

Table B.1- Physical properties at 25°C of the different solvents used for the calculations of the Z-value.

Solvent Density (g/cm?) Surface Tension (mN/m)
2-ME 0.96 [57] 30.84[58]
Ethanol 0.79 [57] 22.10[59]
Water 1.00 [57] 72.70[57]
EG 1.11 [57] 47.70[60]




C.
Ellipsometry Fitting and Results

All ellipsometry measurements, except for the film from 2ME solution with 0% (V/V)
EG, present the fitting bellow. Allowing an analysis of the adequacy of the measurement.

Figure C.1 - 2-ME 0%(V/V) EG ellipsometry measurements

Figure C.2 - 2-ME 5%(V/V) EG ellipsometry measurements



Figure C.3 - 2-ME 10%(V/V) EG ellipsometry measurements

Figure C.4 - 2-ME 15%(V/V) EG ellipsometry measurements

Figure C.3- ETH 10%(V/V) EG ellipsometry measurements



Figure C.6 - ETH 15%(V/V) EG ellipsometry measurements

Figure C.7 - ETH 20%(V/V) EG ellipsometry measurements

Figure C.8 - ETH 25%(V/V) EG ellipsometry measurements



D.
Chemical characterization of films with different

number of layers

The FTIR analysis provides valuable information regarding the chemical composition of the sam-
ple. Following the relevant results presented, the FTIR analysis for the 2-ME 0.2M Zr-doped In,0s3 thin
films.

—— 10 Layers 2-ME, In,O; (0.2M), Urea
8 Layers 400°C annealing for 1h

Absorvance (a.u.)

1400 1200 1000 800 600

Wavenumber (cm™)

Figure D.1 - FTIR spectra for 2-ME based films, with In203 concentration of 0.2M and a 1h annealing
at 400°C for both 8 and 10 layers thin films

Considering the solution used is the same so is the deposition process, no difference is noted,

as expected.



E.

Chemical characterization of EG influence on thin films

In order to control the viscosity of the solution EG was added and the following FTIR spectra
presents the chemical differences this addition brings to the chemical composition of the thin films.

10% Ethylene Glycol
5% Ethylene Glycol

0% Ethylene Glycol A"‘VK

Absorvance (a.u.)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure E.1- FTIR spectra for 8-layer InOx thin films based in 2-ME solutions with EG concentrations from
0% to 10%

Despite the addition, no relevant influence was noted in chemical composition.



F.

Bandgap Calculation

The bandgap is an important property for any TCO as it relates with the transparency of said
TCO. In order to accomplish transparency, the bandgap ought to be superior to 3 eV, to allow visible
light part of the spectrum to pass through the material. The bandgap Eop: Was calculated by firstly
determining the absorption coefficient (a) following the equation:

o = diln(l;R> (E.1)

where d;s is the film thickness, R the reflectance and T the transmittance. Both the reflectance
and the transmittance UV-Vis spectra follow:

100 o4
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Figure F.1 - a) Transmittance and b) Reflectance spectra for different thin films

Once the absorption coefficient was calculated, the Tauc equation:
ahv = A(hv — Eqp)™ (E.2)

where v is the frequency of the incident radiation, h the Planck's constant can be employed to
determine the bandgap. A is a constant and n a value that depends on the type of optical transition
which in this case assumes the value of 1/2 given direct transitions are allowed. Lastly the optical
bandgap values are obtained by plotting (ahv)?as a function of hv and extrapolating the linear region
to find the intersection (ahv)? = 0. The resulting plots are presented in figure 3.14.



G.

Complete topography measured by profilometry

The complete topography of the printed squares for different resolutions.
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Figure G.1 - Topography for 100 DPI, Zr-doped In203 printed film
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Figure G.2 - Topography for 200 DPI, Zr-doped In203 printed film
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Figure G.3 - Topography for 400 DPI, Zr-doped In203 printed film
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Figure G.5 - Topography for 800 DPI, Zr-doped In203 printed film
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Figure G.6 - Topography for 1000 DPI, Zr-doped In203 printed film
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Figure G.7 - Topography for 1200 DPI, Zr-doped In203 printed film
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