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ABSTRACT

Transparent conducting oxides (TCOs) are critical components in the operation of sev-
eral optoelectronic devices as well as transparent electronics. One of the most widely used,
indium tin oxide (ITO), requires very expensive equipment and controlled conditions to be
deposited. Solution combustion synthesis (SCS) is a simple and low-cost method being stud-
ied to produce the same oxides. Thin films of indium oxide doped with hafnium produced by
SCS have already shown very promising properties when annealed at 400 °C. This work will
study the viability of producing these same films at even lower temperatures, enough to en-
able the use of flexible substrates. TCO thin films were produced at low temperature such as
200 °C by using an infrared (IR) oven instead of the typical hotplate annealing. A 0.5 M % Hf-
doped In,0; thin film annealed at 350 °C with an IR oven achieved the best properties with a
bulk resistivity of 1.3 x 10 Q-cm, mobility of 1.33 cm?/Vs, carrier concentration of 3.6 x 10%°
cm?. These results were even better when compared with high annealing temperatures. As
proof of concept this TCO was successfully implemented in a liquid crystal cell and electro-

chromic device showing their potential for real applications.

Keywords: transparent conducting oxide, solution combustion synthesis, indium oxide, hafni-

um dopant, low temperature, infrared oven.
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RESUMO

Oxidos condutores transparentes (TCOs) sdo componentes criticos no funcionamento
de diversos dispositivos optoeletrénicos bem como eletrénica transparente. Um dos mais
usados, 6xido de indio e estanho, requer equipamento muito caro e condi¢des controladas
para ser depositado. Sintese de solucao com combustao (SCS) € um método simples e de
baixo custo a ser estudado para produzir os mesmos oxidos. Filmes finos de éxido de indio
dopado com hafnio produzido por SCS ja mostraram propriedades muito promissoras
quando recozidos a 400 °C. Este trabalho ira estudar a viabilidaded the produzir estes
mesmos filmes a temperaturas ainda mais baixas, o suficiente para possibilitar o uso de
substratos flexiveis. Filmes finos de TCO foram produzidos a temperaturas tais como 200 °C
usando um forno de infravermelhos (IR) em vez do tipico recozimento numa placa de
aquecimento. Um filme fino de In,Osdopado com 0.5 M % Hf recozido a 350 °C com um
forno de infravermelhos obteve as melhores propriedades com uma resistividade em volume
de 1.3 x 10" Q-cm, mobilidade de 1.33 cm?/Vs, concentracdo de portadores de 3.6 x 10%°
cm Estes resultados foram ainda melhores quando comparados com altas temperaturas de
recozimento. Como prova de conceito, este TCO foi implementado com sucesso numa célula
de cristais liquidos e num dispositivo eletrocromico mostrando o seu potencial para

aplicacdes reais.

Palavas chave: 6xido condutor transparente, sintese de solugdo com combustdo, éxido de

indio, dopante hafnio, baixa temperatura, forno de infravermelhos.
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MOTIVATION AND OBJECTIVES

Transparent conducting oxides (TCOs) are critical components in the operation of sev-
eral optoelectronic devices as well as transparent electronics. One of the most widely used,
indium tin oxide (ITO), requires very expensive equipment and controlled conditions such as
high vacuum and noble gases to be deposited. Solution combustion synthesis (SCS) is a sim-
ple and low-cost method being studied to produce the same oxides.

Indium oxide doped with hafnium thin films produced by SCS have already shown very
promising properties when annealed at 400 °C (bulk resistivity of 5.73 x 10 Q-cm, mobility
of 6.65 cm?/Vs) [1]. With this work we hope to show the viability of SCS to produce doped
indium oxide thin films at even lower temperatures for applications that do not require a TCO
as conductive as commercial ITO or other films annealed at higher temperatures. This would
not only save energy by using a lower temperature but also allow more commonplace
equipment to be able to produce TCOs, reducing the barrier of entry to anyone wanting to
produce TCOs. The lower temperatures would also hopefully allow the use of flexible sub-
strates and other depositions methods.

The main objectives of this are:

e Test various types of annealing methods on In,O; thin films to determine the
most suitable one.

e Test the difference between solvents on the films' properties, including envi-
ronmentally friendly ones.

e Use 400 °C and lower annealing temperatures and characterize the films' opti-
cal, electrical and structural properties.

e Implement these films on devices to assess their viability.

XXi



1

INTRODUCTION

1.1 Transparent conducting oxides

Transparent conducting oxides (TCOs) are known as such for presenting both low resis-
tivity (p ~ 10~ Q-cm) and high transmittance in the visible range (T3so-750nm > 80%) which re-
quires a bandgap above 3 eV [2]-[4]. TCOs are conducting oxides whose conductivity is due
to doping either by oxygen vacancies or extrinsic dopants that help populate the conduction
band [2]. The doping amount must, however, be carefully analyzed because too high of a
doping concentration can reduce the carrier mobility to a point where the conductivity stops
improving [2]. The most popular dopants vary depending on the TCO but the most popular
for In,O3 are Sn, Mo, Ta, W, Zr, F, Ge, Nb, Hf and Mg [2].

Nowadays, the most widely used TCO is indium tin oxide (ITO). Indium oxide will also
be used in this work but doped with hafnium or zirconium instead of tin. TCOs are especially
important in the areas of transparent electronics and optoelectronics, in applications like so-
lar cells, displays and transparent thin film transistors and others shown in Figure 1.1. [2], [5],
[6].

Organic Light Emitting Diodes Flat Panel Display

(OLEDs

Solar Cells Touch Screen

Figure 1.1. Transparent Conducting Electrode Materials and their applications [6].



In, for example, liquid crystal displays (LCDs), TCOs act as the electrodes that allow the
various lines and columns to be addressed as well as allowing the light from one side, after
being manipulated by the liquid crystals, to be visible on the other side, ultimately allowing
the display to show what we want it to show [7]. (Pixel switching).

In an electrochromic device, TCOs are used again as an electrode because this allows
the device to appear transparent, when not colored, and once the coloring is desired it allows

voltage to flow to the electrochromic material to cause a color change [8].

1.2 Solution combustion synthesis

Solution combustion synthesis (SCS) can be used to produce simple and complex ox-
ides with a desired size and shape by changing parameters like fuel type, metal cations pre-
cursors, stoichiometry ratio, pH, atmosphere and initiation type [9].

As the name suggests, being a combustion, there are three main components needed
for the synthesis reaction to occur, a fuel that will be oxidized during the reaction, usually
composed by organics containing carbon and hydrogen, an oxidizer that will be reduced,
usually metal nitrates, and a temperature high enough to start the reaction [9].

SCS is a specific type of the broader self-propagating high-temperature synthesis
(SHS), distinguishing itself through three features. The first is that the initial components are
mixed in aqueous solution at the molecular level, the second is that the reaction responsible
for the solid product formation in SCS can be different from the self-sustained combustion
process. Thirdly, the SCS process generates a large amount of gaseous byproducts which
leads to an expansion of the solid product, and a fast decrease in temperature after the reac-
tion, making the solid product porous and finely dispersed, critical features in SCS of na-
noscale powders [10].

There are also three main stages during an SCS process, the combustion mixture for-
mation, the gel formation, and the combustion of the gel as can be seen from Figure 1.2.

Simplified scheme of the SCS process [12]. [9], [11], [12].
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Figure 1.2. Simplified scheme of the SCS process [12].

The choice of the fuel used in SCS is very important because it has many different func-
tions. It is a reducer, a chelating agent, being able to interact with the metal cations to form
the gel network and acts as the microstructural template for the final product. Through the
use of different fuels and fuel amounts, it is possible to change the structure, the microstruc-
ture-morphology, texture, surface, redox-catalytic behavior and conductivity of materials [13].

The metal cation precursors mainly have the role of providing metal cations, determin-
ing the final metal oxide. Different metal cations also present different decomposition tem-
peratures, inversely proportional to the charge density, which affects the processing condi-
tions to form different morphologies [1].

The fuel to oxidizer ratio can be divided in 5 different categories: extremely fuel defi-
cient (EFD) which requires external heating and leads to a massive evolution of gases, fuel
deficient (FD) which leads to a slow reaction also requiring external heating, the stoichio-
metric combustion generates the most heat possible and achieves a maximum combustion
efficiency, the fuel excess (FE) and extremely fuel excess (EFE) can lead to a higher amount of
impurities in the final product [9].

The pH of the solution also has a noticeable effect. The main one is the effect it will
have on the chelation ability to the metal cations. Keeping the pH slightly acidic will also
avoid the formation of metal hydroxides as well as other salts. It can also have some effects
on the intensity of the reaction and the structure morphology of the final oxide [9], [11].

The last parameters that affect the oxides produced are the atmosphere environment
and initiation type. Though the atmosphere environment effects have not been thoroughly
explored, it has been noticed that in a flowing air environment a faster reaction process oc-
curs as opposed to a nitrogen environment, but in the nitrogen environment there is an im-
proved mass-changing rate in SCS. The most popular initiation type is the muffle furnace for
providing uniform heating leading to a violent combustion reaction. Mainly for the produc-

tion of thin films, hotplate annealing has been frequently used as initiation type. Lastly, a mi-



crowave heating source has been shown to result in better microstructural and textural prop-
erties. Though this heating method presents limitations due to the high cost of the equip-
ment and low scalability [9], [11].

Through the change in all these different parameters, SCS allows for the synthesis of
not only thin films but also various nanostructures such as nanobelts, nanoflakes, nanoflow-
ers, nanoneedles, nanosheets, nanoplates, nanorods, nanowires, nanopowders and nanopar-
ticles [9].

When compared to the conventional sol-gel technique, SCS has shown its viability to
produce metal oxide thin films at a much-reduced temperature, opening the window for dif-
ferent electronic applications [9].

ITO requires very expensive equipment to be deposited. SCS is showing promising re-
sults to produce high quality oxide thin films while not requiring expensive high vacuum

equipment.

1.3 Annealing method

There have been various different annealing methods for thin films produced with SCS,
ranging from methods that don't have cumbersome limitations (chamber, controlled envi-
ronment, substrate type)[14] like the basic hotplate or UV irradiation to the ones that do have
them like microwave irradiation annealing, rapid thermal annealing, high-pressure annealing,
atmospheric-pressure plasma, and plasma-assisted annealing [15]-[20].

UV irradiation, especially deep-ultraviolet (DUV) has been shown to produce efficient
condensation and densification of oxide semiconductor films (IGZO and 1ZO) at temperatures
as low as 150 °C [21]. The films' quality and densification were then improved further by
combining this UV irradiation with SCS for thin-film transistor applications, one of these re-
sults can be seen in Figure 1.3. [9], [22]-[24]. This combination also allowed Fortunato et al.
to, for the first time, perform flexographic printing of a highly-stable aluminum-oxide dielec-
tric with a high-throughput (50 m/min) while simultaneously demonstrating low-temperature
processing (£ 200 °C) [25].
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Figure 1.3. Proposed mechanism of the low temperature photoactivation combined with the combustion synthesis

of metal oxide thin films for TFT performance [9].

As discussed, the combination between SCS and UV irradiation has shown to be incred-
ibly promising to produce TCOs with low cost, low temperature and with potential for scala-
bility and so it will also be tested in this work. Although this does not mean that other an-

nealing methods are not worth investigating as well, which will be done in this work.



2

MATERIALS AND METHODS

In this section, the various reagents and the methods used to produce the various solu-
tions used in this work are introduced. The deposition as well as the various characterization
methods used are also explained. Lastly, the way of producing both applications for the films

created is presented.

2.1 Precursor solutions preparation

Four different 0.2 M concentration metal cation precursor solutions were prepared by
dissolving indium (lll) nitrate hydrate (In(NOs)s - xH.O, Sigma, 99.9 %, CAS 207398-97-8) in 10
mL of solvents which were 2-methoxyethanol (2-ME, C;HsO,, Alfa Aesar, 99 %, CAS 109-86-4)
for two solutions; 1-methoxy-2-propanol (MP, C4H100,, Roth, = 99 %, CAS 107-98-2) for one
solution; and ethanol absolute anhydrous (C;HesO, Carlo Ebra, = 99.9 %, CAS 64-17-5) and
ethylene glycol (EG, C;H¢O,, Carlo Erba, = 99.5 %, CAS 107-21-1) at a proportion of 4:1 for
the final solution. As a fuel for the combustion, urea (CH,N,O, Sigma, 99.0-100.5 %, CAS 57-
13-6) was used in all solutions except for the ethanol and EG solution since the EG already
acts as fuel. To guarantee the redox stoichiometry of the reaction, a molar ratio of 2.5:1 was
used for the urea and indium nitrate respectively [1].

As dopant sources, to one of the 2-ME solutions, 1 M% of zirconium (IV) oxynitrate hy-
drate (ZrO(NOs); - xH,0O, Sigma, 99 %, CAS 14985-18-3) was added and 0.5 M% of hafnium
(IV) chloride (HfCl,, Alfa Easer, 99.9 %, CAS 13499-05-3) was added to all the remaining solu-
tions [1].

All solutions were then stirred at 430 rpm at room temperature for at least 1 hour to

guarantee proper dissolution of all the reagents.



2.2 Thin film deposition and characterization

The films were deposited on both corning glass and p-type silicon wafer substrates
with an area of 2.5 x 2.5 cm®. Prior to the deposition, the substrates were cleaned in an ultra-
sonic bath at 60 °C in acetone for 15 minutes, then in 2-isopropanol for 15 minutes and dried
under N,. UV/Ozone surface activation was also performed for 15 minutes using a PSD-UV
Novascan system.

For each thin film, 8 layers of a solution, filtered through 0.45 um hydrophobic polytet-
rafluoroethylene (PTFE) filters, were deposited by spin coating for 35 s at 3000 rpm with an
acceleration of 2000 rpm (Laurell Technologies). After each layer was deposited, a 5 minute
annealing was performed and after all 8 layers an annealing of 2 hours was performed. Dif-
ferent annealing temperatures (200 °C; 250 °C; 300 °C; 350 °C) and methods (hotplate, UV
and an ECO-WORTHY T-962 infrared IC oven) were used to determine their influence on the
thin film's properties.

The thickness of the films deposited on silicon wafers was determined by spectroscopic
ellipsometry, made over an energy range of 1.5-5 eV with an incident angle of 70° using a
Jobin Yvon Uvisel system. The acquired data was modulated using the DELTAPSI software,
and the fitting procedure was done pursuing the minimization of the error function (y?).

The optical properties, particularly the transmittance, were obtained using a Shimadzu
UV-3101PC UV/VIS/NIR spectrophotometer from 200 to 3000 nm.

After the deposition of aluminum contacts by thermal evaporation, the electrical prop-
erties were obtained by Hall effect measurements (Biorad HL5500) using a Van der Pauw ge-
ometry at a constant magnetic field of 0.5 T at room temperature, with 2 cycles and a delay
time and integration time of 3 seconds.

The structural analysis of the films deposited on silicon wafers was made using data ob-
tained by X-ray diffraction (XRD) using a PANalytical MPD X'Pert PRO powder diffractometer,
with a Cu Ka radiation source (A = 1.540598 A) and equipped with a 1D X'Celerator detector.
The XRD measurements were performed in the range of 10 to 65° (26) in the Bragg-Brentano

configuration, with a scanning step size of 0.0334° in 26.

2.3 Liquid crystal cell production

To make the liquid crystal cell, PVA (MW 20000-30000, CAS 9002-89-5) was deposited

via spin-coating (30 s @ 1500 rpm) onto two pieces of glass with unpatterned solution-based



indium oxide thin film already deposited. Rubbing was then performed to create grooves to
align the liquid crystal molecules. The two pieces of glass were then glued together with the
grooves at a 90° orientation. Finally, the liquid crystal 4-cyano-4'-pentylbiphenyl (5CB) filled
the gap between the glasses through capillarity. The liquid crystal cell was modulated by ap-

plying voltage between the two TCO electrodes.

2.4 Electrochromic device production

To make the electrochromic device, a thin film of tungsten(VI) oxide (WQs), also pre-
pared via SCS, was deposited using spin-coating on a glass with the solution-based indium
oxide thin film already deposited. The electrochromic cell was tested using LiClO4/PC electro-

lyte and by applying voltage to perform colouring and bleaching cycles.



3

RESULTS AND DISCUSSION

This section will explain how the parameters used to produce the best films were de-
termined. Films with these parameters will then be annealed at 4 different temperatures (200
°C; 250 °C; 300 °G 350 °C) and will undergo various characterization techniques. Finally, two

proof of concept applications will be shown to prove the films' viability.

3.1 Determining the best parameters to use

In a previous master thesis [1], it was already shown that the best properties were
achieved for doped indium oxide TCOs when 0.2 M solution concentration and 8 layers are
used. Considering this, all solutions and thin films were made with these. That master thesis
also determined the best dopant concentration for indium oxide thin films, 0.5 M% Hf and 1
M% Zr.

In this work the tests were performed to determine the best dopant, annealing method,

annealing time, and solvent to use.

3.1.1 Dopant

As mentioned, in a previous master thesis [1], the best dopants and their concentration
were found to be 0.5 M% Hf and 1 M% Zr. The initial intention was to use both dopants for
every condition tested but as a measure to be able to test the greatest number of conditions
possible, after testing a few different conditions with both dopants, the one that showed the
best properties was chosen as the sole one to be used in all other conditions.

Three films with different conditions (1h - Hotplate - 400 °C; 2h - IR - 350 °C; 2h - IR -
300 °C), but all with 2-ME as the solvent, and both dopants were tested, and the properties
are presented in Table 3.1. Additionally, the Tsgo-750nm the films can be observed in annex Ta-
ble A.3; Table A.4; Table A.5.



While in one of the films (1h - Hotplate - 400 °C), Zr-In,Os presents a slightly lower re-
sistivity than Hf-In,O3, on the other two it is the opposite and there is even a large difference
in one of them. Considering this and the fact that Zr-In,O; always has a lower mobility than

Hf-In,0s, Hf was chosen as the dopant to be used in all the films produced in this work.

Table 3.1. Thickness obtained by spectroscopic ellipsometry and electrical properties by Hall effect measurements
of three indium oxide thin films with different conditions (time, type and temperature of annealing) and both

dopants.

Thickness 0 U1 N

F.I o e D
ilm conditions opant (nm) (Q-cm) (cm2/V-s) (x 101 cm3)

Hf 85.8+0.8 0.59 £0.14 195+04 0.56 +0.02

1h - Hotplate -400 °C 832+06  031+0.18 13+0.34 071+022

Hf 87.1+£09 0.13+£0.01 1.33+0.06 36+0.2
2h-IR - °
350°C Zr 87.8+0.8 0.18 £0.07 1.13+0.29 1.3+03
Hf d+x1 142 +0.24 86 £0. 53 +0.
oh - IR - 300 °C 96.1 + 0 0.86 +0.05 0.53+0.09
Zr 95+04 9.37 £3.32 044 £0.16 0.07 £0.01

3.1.2 Annealing method

A common equipment to perform annealing, especially in a lab environment, is a hot-
plate. To determine if other equipment can achieve better properties at the same tempera-
ture or even at lower temperatures, an infrared oven as well as the heating capabilities of the
PSD-UV Novascan system were used.

The three different methods were used to perform annealing on films with the same
properties, the only difference being that the annealing with hotplate + UV was only done for
1 hour while the other two were performed for 2 hours, all at 300 °C. The detailed film condi-
tions and properties can be found in annex Table A.1.

Figure 3.1. shows that the film annealed with the IR oven presents the lowest resistivity,
but on the films annealed with the hotplate it is only slightly higher, whereas the film an-
nealed with the help of the UV shows a massive increase in resistivity, about four orders of
magnitude. This leads us to believe that the combustion reaction was not properly activated
using this method, which can be corroborated by the low intensity of the peaks in the XRD
data which indicates low crystallinity of the film annealed by this method as opposed to the
other two. Because of this result, all the films in this work after this section were only made

using the IR oven and the hotplate annealing.
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Figure 3.1. (@) Bulk resistivity obtained via Hall effect measurements and (b) XRD of the same Hf-doped indium
oxide thin film annealed using different methods at 300 °C.

3.1.3 Annealing time

In the aforementioned master thesis [1], 1 hour of annealing was used after all the lay-
ers were deposited. To determine if this is in fact the best post-annealing time condition, the
comparison between the same film with 1 hour and 2 hours of annealing as well as between
2 hours and 4 hours was done, all performed in an IR oven. The results are shown in Figure
3.2. where it can be seen a decrease in resistivity when annealing the thin films for 2 h com-
pared to just 1 h. Also, an increase is observed in resistivity when going as far as 4 hours, this
is due to the deterioration of the film as it is heated for longer periods of time [26]. With
these results it was decided to perform 2 hours of annealing in every film from now on. The

detailed film conditions and properties can be found in annex Table A.2.
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Figure 3.2. Bulk resistivity of Hf-doped indium oxide thin films annealed in an IR oven for different durations.

3.1.4 Solvent

One of the most used solvents in the fabrication of oxide thin films, 2-ME was com-
pared to more environmentally friendly alternatives such as MP and ethanol to assess if these
could have similar properties. The test was done by performing the exact same process in all
three films apart from changing the solvent used in the solutions. The detailed film condi-
tions and more properties can be found in annex Table A.6.

In Table 3.2 the electrical properties as well as the thickness of these films are present-
ed. From these results it can be seen that the film with the lowest resistivity (0.13 + 0.01
Q-cm) is produced with 2-ME but, while films produced with MP has a slightly higher resistivi-
ty (0.31 £ 0.01 Q-cm), the mobility is significantly higher. When ethanol + EG solvent is used,
the film shows both higher resistivity and lower mobility when compared with both other
solvents, and for these reasons, going forward the films were produced with both MP and 2-
ME.

12



Table 3.2. Thickness obtained by spectroscopic ellipsometry and electrical properties by Hall effect measurements
of three Hf-doped indium oxide thin films whose only difference was the solvent used.

Solvent Thickness 0 t N
(nm) (Q-cm) (cm?/V:s) (x 10 cm?)
2-ME 87.1 0.13+£0.01 1.33 +0.06 36+0.2
MP 1252+0.9 0.31+£0.01 4.02+0.59 05+0.1
Ethanol + EG 1174+ 0.6 0.74+0.12 0.39+0.18 24+0.7

3.2 Annealing temperature effect on Hf-In;Os films

With the various parameters defined, an annealing for 2 hours was performed at four
temperatures (200 °C; 250 °C; 300 °C; 350 °C) using a hotplate and an IR oven as well as using
solutions with 2-ME and MP solvents and both of these solutions using 0.5 M% Hf doping.
Thus, producing a total of 16 different samples whose properties were measured and com-

pared.

3.2.1 Thickness

The thickness of the various films was measured and are presented in Figure 3.3. These
results show, with only a couple outliers, a clear trend for the thickness to increase as the
annealing temperature decreases. This result is expected as the higher temperatures lead to a
higher densification of the film, leading to thin films thickness reduction. Also, we can see a

fairly constant difference between the thickness of the films made with different solvents.
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Figure 3.3. Thickness of various Hf-doped indium oxide thin films annealed at four different temperatures.

3.2.2 Structural characterization

Using the data obtained from XRD measurements, the crystallinity of each combination
of solvent and annealing method was compared for each of the four temperatures, as shown
in Figure 34. it can be observed that in every condition, except for one film (MP, hotplate,
300 °C), the films get less crystalline as the annealing temperature decreases, this could be
due to the lower temperatures not being able to fully start the combustion reaction. Also, the
level of crystallinity increases with higher annealing temperatures due to lattice relaxation
[11]. Besides this, a higher crystallinity and bigger crystallite size at the same temperatures is

observed in the thin films when annealing with a hotplate compared to the IR oven.
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Figure 3.4. XRD measurements of four films between 200 and 350 °C whose solvent and annealing method were
2-ME (a) IR oven, (b) hotplate and MP (c) IR oven, (d) hotplate.

3.2.3 Optical characterization

The average transmittance in the visible range of the spectrum of all the films can be
seen in Table 3.3, showing, in both solvents and annealing methods, a decrease in transmit-
tance as the annealing temperature increases. This goes in the opposite direction when com-
pared with the crystallinity, resistivity and carrier concentration results presented in the next
section. There is also always, for the same temperature, a higher transmittance when anneal-
ing with a hotplate compared to the IR oven which again goes opposite to the crystallinity of

the films. As for the solvents, MP presents a higher transmittance than 2-ME for every condi-
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tion. Despite the lowering transmittance with the higher temperatures, all the films still show
a transmittance in the visible spectrum higher than 80 %. The transmittance spectra can be

seen in annex C.

Table 3.3. Transmittance on the visible range of Hf-doped indium oxide thin films made with two different sol-

vents and annealed by two different conditions hotplate and IR oven from 200 °C to 350 °C.

Tss80-7500m (%)
Annealing conditions 2-ME MP
Hotplate IR Hotplate IR
200 °C 89+2 85+3 90+4 88+3
250 °C 86+3 84 +2 88+3 87+3
300 °C 85+3 822 88+3 86+4
350 °C 82+2 81+2 86+ 4 84+4

3.2.4 Electrical characterization

The electrical properties are an average of three measurements for each film and the
various results are presented in four graphs in Figure 3.5. with the films identified as sol-
vent+annealing method. The full properties of the films can be consulted in annex B. As a
side note, due to the films that were annealed at 200 °C having very high resistivities and low
mobilities, there were some difficulties acquiring the electrical properties for these films. This
was due to them being at the limit of what the hall effect system used was capable of meas-
uring and thus, these results should not be trusted.

As expected, the resistivity is inversely proportional to the carrier concentration since
conductivity is proportional to carrier concentration. The bulk resistivity shows a fairly con-
sistent difference between temperatures, especially when annealed with IR, of about an order
of magnitude. In general, the mobility increases with annealing temperature and, with one
exception, all the films at 300 and 350 °C are extremely close to each other.

We can see that the film with the lowest resistivity is the one annealed at 350 °C using

the IR oven with 2-ME as the solvent.
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Figure 3.5. (a) Thickness and electrical properties by Hall effect measurements such as (b) bulk resistivity, (c) Hall

mobility and (d) bulk carrier concentration of various Hf-doped indium oxide thin films annealed at four different

temperatures.

3.3 Proof of concept applications
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As a way to show the viable use of solution-based doped indium oxide thin films an-
nealed at temperatures as low as 350 °C, the film with the best electrical properties (2-ME
solvent, Hf doping, annealed with IR oven for 2 hours) was used as an electrode in two devic-

es, a liquid crystal cell and an electrochromic cell, instead of the standard commercial ITO.

3.3.1 Liquid crystal cell

The result of a test of the liquid crystal cell in a normally white configuration using a 9 V
battery is presented in Figure 3.6. It is clearly visible that the cell goes from transparent to
opaque with the applied voltage, indicating the proper functioning of the cell and showing

that this film is viable for this type of application.

(a)

Figure 3.6. Liquid crystal cell in normally white configuration. (a) before applied voltage, (b) after applied voltage.

3.3.2 Electrochromic device

This TCO was also implemented as bottom electrode for electrochromic devices based
on WOs as the active layer. The before and after applying voltage to the TCO can be seen in
Figure 3.7. There is a strong blue coloration, typical from WOs, after the applied voltage [27],
showing that the device is working properly and again showing that this film is viable for this
application. The difference between using this film and the commercial ITO was in the volt-

age required for the coloring to occur. The commercial ITO colored between 3 and 4.5 V
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while this film colored between 9 and 13 V, which is due to the higher resistivity when com-

pared to the commercial ITO.

(b)

Figure 3.7. Electrochromic device (a) before applied voltage, (b) after applied voltage.
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4
CONCLUSIONS AND FUTURE PERSPECTIVES

The goal of showing the viability of SCS to produce thin films at temperatures lower
than 400 °C was achieved by successfully using a film annealed at 350 °C in two applications
that showed the same behavior as when using commercial ITO as the TCO.

Various properties were accessed and tested to find the best ones when producing hf-
doped indium oxide when using SCS such as IR oven and hotplate being the best annealing
methods, the best annealing time being 2 hours, the best dopant between Zr and Hf being
Hf, and the best solvents being 2-ME and MP.

After defining these parameters, 16 films varying the solvent and annealing method
were produced to find the influence of annealing temperature on various of the films' prop-
erties such as thickness, showing that it decreases with higher temperatures, crystallinity
which increases with higher temperatures, transmittance, especially the transmittance in the
visible spectrum which decreases with higher temperatures but all films were still higher than
80 %, and finally the electrical properties of which the bulk resistivity decreases with tempera-
ture, inversely, bulk carrier concentration increases with temperature and Hall mobility gener-
ally increases with temperature.

Overall, the viability of SCS to produce TCOs at low temperatures with usable proper-
ties was proven as well as an IR oven achieving overall better TCO properties than a hotplate
which can be beneficial if there is ever an attempt to produce these films at a larger scale

since these are the types of ovens usually used in industrial settings.

In the future there are various different directions where the tests for these films can
go, including testing flexible substrates of which a test with XENOMAX was done during this
work but due to various problems during the deposition process, these did not present usa-

ble properties.
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Studies can also be done to try to use different deposition methods such as roll-to-roll
or inkjet printing, methods which would reduce the waste of material that occurs when doing
spin-coating.

The tests in applications can also be taken further such as using films annealed at lower
temperatures to produce liquid crystal cells as well as testing the chemical erosion of these

films to be able to produce patterned cells.
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| A

BEST PARAMETERS FILM PROPERTIES

Table A.1. Thickness obtained by spectroscopic ellipsometry, electrical properties by Hall effect measurements and

transmittance on the visible range of doped indium oxide thin films. All with 0.5 M% Hf dopant, 2-ME solventand

annealed at 300 °C.

Film conditions Thz;l;rlgess @ -Q():m) (cm;V-s) ( Crljﬁ) TSEZ%Z; a
2h - IR 96.1+1 142 +0.24 0.86+0.05 53+0.9x10 82+2
2h - Hotplate 97.2+05 4.29+0.72 043+0.11 3.6+09x10 85+3
1h - Hotplate+ UV~ 112.8+0.5 25923 +25360 291+0.86 5.1+7.9x10" 86+3

Table A.2. Thickness obtained by spectroscopic ellipsometry, electrical properties by Hall effect measurements and

transmittance on the visible range of doped indium oxide thin films. All 0.5 M% Hf dopant, 2-ME solvent and

annealed in an IR oven.

Film conditions Thickness 0 o N T380-750nm

(nm) (Q-cm) (cm?/V-s) (cm?) (%)
1h - 350 °C 85.7+1 05+0.13 042+0.08 3.1+0.3x10% 81+2
2h - 350 °C 87.1+09 0.13+0.01 1.33+£0.06 3.6+0.2x10Y 81+2
2h - 250 °C 936+1 35.77+£10.87 0.86+017 22+0.7x10v

4h - 250 °C 968 1.1 7783 +33.86 0.51+0.13 1.9+1 =107




Table A.3. Thickness obtained by spectroscopic ellipsometry, electrical properties by Hall effect measurements and
transmittance on the visible range of doped indium oxide thin films. All with 2-ME solvent and annealed with a
hotplate for 1 h at 400 °C.

. .. Thickness 0 U N T'380-750nm
Film condit

1 CORCIHOnNS (nm) (Qcm)  (cm?/V-s) (cm?) (%)
0.5 M% Hf 858+0.8 0594014 195+04 56=02x10%  81+3
1 M% Zr 832+0.6 0314018 13+034 71+22x10%  80+2

Table A.4. Thickness obtained by spectroscopic ellipsometry, electrical properties by Hall effect measurements and
transmittance on the visible range of doped indium oxide thin films. All with 2-ME solvent and annealed in an IR
oven for 2 h at 350 °C.

. .. Thickness 0 u N T'380-7500m
Film condit

1 CONCIHONS (nm) (Q-cm) (cm?/V-s) (cm?) (%)
0.5 M% Hf 87.1+0.9 013001 133+006 36+02x10° 812
1 M% Zr 87.8+0.8 018007 113029 13+03x10° 812

Table A.5. Thickness obtained by spectroscopic ellipsometry, electrical properties by Hall effect measurements and
transmittance on the visible range of doped indium oxide thin films. All with 2-ME solvent and annealed in an IR
oven for 2 h at 300 °C.

Film conditions Thickness 0 u N T'380-750nm
(nm) (Q-cm) (cm2/V-s) (cm?3) (%)

0.5 M% Hf 96.1+1 142+024 086+0.05 53+09x108 82+2

1 M% Zr 95+0.4 937+332 044+0.16 6.8=1.1x107" 82+2




Table A.6. Thickness obtained by spectroscopic ellipsometry, electrical properties by Hall effect measurements and

transmittance on the visible range of doped indium oxide thin films. All with 0.5 M% Hf dopant and annealed in

an IR oven for 2 h at 350 °C.

Film conditions Thickness ¢ b N Toso7s0mm
(nm) (Q-cm) (cm?2/V-s) (cm?) (%)
2-ME 87.1 0.13+0.01 1.33+0.06 3.6+0.2x 10" 81+1
0.5 M% Hf 1252+ 09 031+0.01 4.02+0.59 51+0.8 x 1018 84+4
Ethanol + EG 1174+ 0.6 074+0.12 0.39+0.18 24+0.7 x 107 86+3







B
ANNEALING TEMPERATURE EFFECT FULL PROPER-
TIES

Table B.1. Thickness obtained by spectroscopic ellipsometry, electrical properties by Hall effect measurements and
transmittance on the visible range of doped indium oxide thin films. All with 0.5 M% Hf dopant, 2-ME solvent and

annealed in an IR oven for 2 h.

Film conditions Thickness ¢ b N Toso730nm
(nm) (Q-cm) (cm?/V-s) (cm) (%)

200 °C 115.2+0.6 530 + 62.36 09+0.81 24+2.1 =10 85+3

250 °C 93.6+1 3577 +10.87 0.86+0.17 22+0.7 x 1077

300 °C 96.1+1 1.42+0.24 0.86 +0.05 53+0.9 x 1018 82+2

350 °C 87.1+0.9 0.13+£0.01 1.33 +0.06 3.6+0.2x 10" 812

Table B.2. Thickness obtained by spectroscopic ellipsometry, electrical properties by Hall effect measurements and
transmittance on the visible range of doped indium oxide thin films. All with 0.5 M% Hf dopant, 2-ME solventand
annealed with a hotplate for 2 h.

Film conditions Thickness € b N Taso750nm
(nm) (Q-cm) (cm?/V-s) (cm) (%)
200 °C 113.4+0.5 31.67 £2.78 0.2+0.09 1.2+0.8 x 1018 89+2
250 °C 100.2+1.4 80.87+13.24 032+028 3.6+2.1x107 86+3
300 °C 972+0.5 429+0.72 043 +£0.11 3.6+0.9 x 108 85+3
350 °C 87.4+0.8 0.73+0.14 1.24+0.03 7+1.4 %1018 82+2




Table B.3. Thickness obtained by spectroscopic ellipsometry, electrical properties by Hall effect measurements and

transmittance on the visible range of doped indium oxide thin films. All with 0.5 M% Hf dopant, MP solvent and

annealed in an IR oven for 2 h.

Film conditions Thickness ¢ b N Toso7s0mm
(nm) (Q-cm) (cm?/V-s) (cm?) (%)
200 °C 150.1+0.8 1520 +113.14 2.06+2.52 83 +10.3 x10% 88+3
250 °C 1383+ 14 1813+5.69 153+1.14 7.3 +10.1 10" 87 +4
300 °C 126.1+1.3 237+05 0.78+0.06 35+0.6x10 86+ 4
350 °C 1252+0.9 031+0.01 4.02+059 51+0.8x10% 84+4

Table B.4. Thickness obtained by spectroscopic ellipsometry, electrical properties by Hall effect measurements and

transmittance on the visible range of doped indium oxide thin films. All with 0.5 M% Hf dopant, MP solvent and

annealed with a hotplate for 2 h.

. e Thickness 0 o N o
Film conditions (nm) (Q-cm) (cm2/V-s) (cm) T380-7500m (%)
200 °C 1342+0.8 16+4.2 0.17 £0.09 3+1.6x10" 90+4
250 °C 127.3+11 8247+2558 0.34+0.21 27+1x107 88+3
300 °C 118+1.4 978 +1.72 062+016 1.2+0.6 x10® 88+3
350 °C 109.3 £0.6 0.56 +0.14 134+024 09+0.2x10" 86+4
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Figure C.1. Transmittance spectra of indium oxide thin films with 2-ME as the solvent and IR as the
annealing method.
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Figure C.2. Transmittance spectra of indium oxide thin films with MP as the solvent and IR as the annealing
method.
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Figure C.3. Transmittance spectra of indium oxide thin films with 2-ME as the solvent and hotplate as the anneal-
ing method.
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Figure C4. Transmittance spectra of indium oxide thin films with MP as the solvent and hotplate as the annealing
method.
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