
Terbium Doped ITO Thin Films Prepared 
by an Aqueous Sol-Gel Method

Sandra Helen Skjærvø

Chemical Engineering and Biotechnology

Supervisor: Tor Grande, IMTE
Co-supervisor: Mari-Ann Einarsrud, IMT

Tor Olav Løveng Sunde, IMT

Department of Materials Science and Engineering

Submission date: June 2013

Norwegian University of Science and Technology



 



i

Assignment

In this work we wish to prepare thin �lms of indium tin oxide (ITO) doped

with the rare earth element terbium by an aqueous sol-gel method and the

deposition method spin-coating. The method is very attractive in regards

to environmentally friendly precursors (no organic solvents) and its low

cost. Rare earth elements exhibit the unique property of converting the

frequency of electromagnetic radiation. The aim is to investigate whether

the rare earth can be implemented homogeneously into the ITO crystal

structure and if the prepared thin �lms retain the good optical and electrical

properties of the host when doped. The thin �lms are characterised in

regards to microstructure, crystal structure, electrical properties and optical

properties.
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Abstract

Transparent conducting oxides (TCOs) combine the properties of

optical transparency in the visible region of the electromagnetic spec-

trum and a near-metallic electrical conductivity. This combination

make them very applicable in many technological areas. The prime

candidate amongst the TCOs is indium oxide doped with tin oxide,

usually referred to as indium tin oxide (ITO). The aim of this work

was to dope this incredible material with the rare earth element ter-

bium and investigate the e�ects of the dopant on the properties of the

host. If successful, one could possibly enhance the optical properties

by introducing luminescence.

An environmentally friendly aqueous sol�gel process was used to

fabricate nanocrystalline thin �lms and powders of indium tin oxide

doped with terbium. A stable solution was prepared from indium ni-

trate precursor, tin acetate and terbium nitrate together with acetic

acid and ethylene glycol. The ITO:Tb thin �lms consisted of spheri-

cal nanocrystalline particles and were of high homogeneity and phase

purity. Grain size and crystallite size of the thin �lms seemed to

be independent on terbium concentration. The powders were also

nanocrystalline but showed some impurities at high terbium concen-

trations. The deposited thin �lms exhibited very good and repro-

ducible electrical conductivity and optical transparency. The speci�c

resistance of the thin �lms declined with the terbium concentration,

but not to an extent that it was detrimental to the electrical proper-

ties. The speci�c resistance increased from 5.1 ·10−3Ωcm for a doping

concentration of 0.5 cation% terbium to 5.2 · 10−2Ωcm for a doping

concentration of 10 cation% terbium. Post-annealing of the prepared

thin �lms in air up to 300◦C showed a decrease in the conductivity,

which became more prominent with the terbium concentration in the

thin �lms. This decrease was attributed to oxidation of terbium and

tin and thereby reduction of charge carrier concentration. The de-
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crease in conductivity as a result of the doping by itself seemed to be

equally important as the reduction caused by oxidation. The optical

transmission seemed independent on terbium concentration and had

a maximum of 92 % in the visible spectrum and a band absorption

edge around 350 nm. A decrease in the lattice parameter of the thin

�lms was observed for the lowest terbium concentrations followed by

an increase with the terbium concentration. The latter e�ect was at-

tributed to the larger size of Tb3+ compared to In3+. The lattice

parameter of the thin �lms also increased with the number of de-

posited layers, probably due to strain between the substrate and the

thin �lm.

Absorption and emission properties of the materials were not stud-

ied, and therefore no conclusions could be made about the luminescent

properties of the ITO:Tb materials.
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Sammendrag
Transparente ledende oksider (TCOer) kombinerer egenskapene

optisk gjennomsiktighet i det synlige spekteret av elektromagnetisk

stråling og en nær-metallisk elektrisk ledningsevne. Denne kombi-

nasjonen gjør dem svær anvendelige innen mange teknologiske om-

råder. Den fremste kandidaten blant TCO-ene er indiumoksid dopet

med tinn, ofte referert til som indiumtinnoksid (ITO). Målet med

dette arbeidet var å dope dette fantastiske materialet med det sjeldne

jordartsmetallet terbium og undersøke e�ekten av dopanten på de

gode egenskapene til verten. Hvis dette lykkes, kan det åpne mu-

ligheten for å forbedre de optiske egenskapene ved å introdusere lu-

minescens.

En miljøvennlig vandig sol-gel-metode ble brukt til å fremstille

nanokrystallinske tynn�lmer og pulvere av indiumtinnoksid dopet med

terbium. En stabil løsning ble fremstilt av indiumnitrat-forløper,

tinnacetat og terbiumnitrat sammen med eddiksyre og etylenglykol.

ITO:Tb-tynn�lmene bestod av sfæriske nanokrystallinske korn og hadde

høy homogenitet og faserenhet. Kornstørrelsen og krystallittstørrelsen

til tynn�lmene så ikke ut til å avhenge av terbiumkonsentrasjonen.

Pulverene var også nanokrystallinske, men inneholdt noen urenheter

ved høye terbiumkonsentrasjoner. Tynn�lmene viste reproduserbart

gode elektriske ledningsevne og optisk gjennomsiktighet. Den spesi-

�kke ledningsevnen til tynn�lmene avtok med terbiumkonsentrasjo-

nen, men ikke nok til å forringe de elektriske egenskapene. Den spe-

si�kke ledningsevnen økte fra 5.1 · 10−3Ωcm for doping konsentrasjon

på 0.5 cation% terbium til 5.2 · 10−2Ωcm for doping konsentrasjon

på 10 cation% terbium. Varmebehandling av de ferdige tynn�lmene

i luft opp til 300◦C viste en reduksjon i ledningsevne, som ble mer

fremtredende ved høye terbium konsentrasjoner. Denne nedgangen

ble tilskrevet oksidasjon av tinn og terbium og dermed en reduksjon

i ladningsbærerkonsentrasjon. Reduksjonen i ledningsevne som følge
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av selve dopingen så ut til å være like viktig som reduksjon som følge

av oksidasjon av tynn�lmene. Den optiske gjennomsiktigheten så ikke

ut til å avhenge av terbiumkonsentrasjon og hadde en maksimalverdi

på 92 % i det synlige spekteret og en båndabsorpsjonskant rundt 350

nm. En reduksjon i gitterparameter for tynn�lmene ble observert for

de laveste terbiumkonsnetrasjonene, fulgt av en økning som funksjon

av terbiumkonsentrasjon. Det sistnevnte ble tilskrevet den større ion-

eradien til Tb3+ i forhold til In3+. Gitterparameteren til tynn�lmene

økte også med antall avsatte lag, trolig på grunn av spenning mellom

substratet og tynn�lmen.

Absorpsjons- og emisjonsegenskapene til materialene ble ikke un-

dersøkt, og derfor kunne ingenting sies om de luminescerende egen-

skapene til ITO:Tb-materialene.
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1 Background

Transparent conducting oxides (TCOs) demonstrate the remarkable com-

bination of near-metallic conductivity, high transmittance of visible light

and high re�ectivity of infrared light [1]. As early as 1907, the �rst trans-

parent conducting CdO thin �lm was prepared by thermal oxidation of

sputtered cadmium by Badeker [2]. The interest for these materials has

grown ever since. The typically wide bandgap in the TCOs give them quite

unique properties, and TCOs are therefore utilised in numerous technolog-

ical applications, such as �at panel displays, energy e�cient windows, light

emitting diods, gas sensors, photovoltaic devices, etc. [1, 3, 4, 5, 6, 7, 8].

With the aim of increasing the e�ciency of solar cells, TCOs can also be

utilised as host materials for luminescent species. Although they are ox-

ides, recent research has shown that the TCOs can serve as good hosts for

luminescent materials [9].

Several oxides can, by themselves or in combination with others, make

a good TCO, such as In2O3, ZnO, SnO2 and CdO [1, 10]. The prime

candidate amongst the TCOs is indium oxide doped with tin oxide, usually

referred to as indium tin oxide or ITO, with more than a 90% share of the

market [10]. ITO has been utilised in solar cells for the last decade, as

transparent electrodes [3].

Because of the formidable energy created by the sun, harvesting of sun-

light by the use photovoltaic devices, or solar cells, could contribute to cover

the continuous increase in the worlds energy demands. The transmission of

sub-bandgap light is one of the major loss mechanisms in conventional solar

cells [11], and the losses leave the e�ciency of a standard solar cell as low

as 15-20 % [12]. Of the many approaches to enhance the e�ciency, tandem

cells provide the best known example, where the e�ciency can be increased
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merely by adding more cells of di�erent bandgaps to a stack [12]. Other

approaches have aimed to reduce these losses by luminescence mechanisms

such as upconversion, downconversion and downshifting [13]. Combining

the best e�ciency increasing mechanism and striving to do so with low cost

materials and production methods may result in the next generation high

e�ciency solar cells.

With the continuous development of thin �lm technology and its appli-

cations, the traditional ITO thin �lms are unable to meet higher perfor-

mance requirements. The photoelectrical properties of the ITO thin �lms

can be improved by doping other elements [14]. Generally, rare earth ions

like Eu3+, Er3+, Tb3+, Nd3+, and so forth incorporated in semiconductors

may introduce luminescence by energy transfer processes. Rare earth ions

trapped in host lattices have received much attention for their optical prop-

erties in terms of fundamental and technological importance [15, 16]. These

host matrices e�ectively reduce the quenching of rare earth surface emission

by shielding the rare earth ions present on the surface of the nanoparticles

from the external ligands [16]. However, very few reports on synthesis and

optical studies of rare earth doped In2O3 �lms have been published. If

succeded, ITO thin �lms with luminescent properties can be utilised in a

photovoltaic and thereby enhance its e�ciency [12, 13, 17, 18, 19]. Lumi-

nescence in materials is not only interesting in the �eld of solar cells, but

also in telecommunication, displays, laser materials, data storage, radiation

detection, and medical applications the luminescent rare earths are playing

an increasingly important role [20].

Terbium can emit light in the green part of the solar spectrum if im-

plemented in an appropriate host. Terbium activated phosphors are today

utilised in a variety of applications such as emissive displays, �uorescent

lamps, LEDs and X-ray intensifying screens for medical purposes [21]. To
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the authors knowledge, terbium has not previously been doped into ITO

for the purpose of introducing luminescent properties to a material which

is already extensively utilised for its remarkable properties in many appli-

cations today. In case of success, this novel property of ITO may create

yet more applications for this remarkable TCO. But doping a TCO with

impurities may a�ect the functional properties of the host itself, and it is

therefore nescessary to investigate these e�ects.

Several techniques have been developed for deposition of ITO thin �lms,

such as radio frequency sputtering [22], pulsed laser deposition [23], spray

pyrolysis [24], chemical vapor deposition [3, 25], vacuum evaporation [6]

and sol-gel methods [4, 10]. Sputtering is the most widely used industrial

process for fabricating these thin �lms, but wet chemical methods, such

as sol-gel, have potentially many advantages compared to physical meth-

ods. The wet chemical methods are relatively simple techniques where the

composition and homogeneity down to the molecular level can readily be

controlled by adjusting the process parameters, such as stability of the solu-

tion, wettability and viscosity [26]. They can also be utilised to coat larger

substrates and substrates with di�erent geometries by spin or dip coating

deposition techniques [27, 28, 29]. Aqueous sol-gel methods are enviromen-

tally friendly, inexpensive and easy [10]. It is also an advantage to be able to

perform the deposition at low temperatures to avoid di�usion of alkali ions

from the glass substrates into the thin �lm and to avoid coarsering of the

nanocrystalline particles [3]. Nano-sized powders will often give advantages

when producing ceramic materials. The small particle size will make the

powders easier to pack into dense objects to provide increased strength and

hardness [26]. Increased speci�c heat capacity, improved thermal expansion

properties, lower thermal conductivity and improved magnetic properties

are also results due to their nano-size [30].
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2 Objective

The widespread research carried out on TCOs and ITO the last decades,

has resulted in numerous applications for these materials. In recent years,

the Inorganic Materials and Ceramics Research Group at the Department

of Material Science at NTNU has contributed to the development of ITO

thin �lms and has achieved to improve the sol-gel techniques [10, 31]. The

work for this master thesis aimed to reveal if terbium at both low and

high concentrations could be implemented into the host matrix of indium

tin oxide without reducing the host material's transparency and electrical

conductivity. The longterm goal for subsequent work would be to �nd out if

terbium, alone or in combination with other impurity species, can contribute

in developing the next generation solar cells by introducing the property of

anti-Stokes upconversion [11, 12, 17, 19]. Terbium was chosen because of

its intermediary position amongst the rare earths and because of its ability

to change oxidation number easily.

Preparation of thin �lms of ITO doped with 0.5, 1, 2, 5 and 10 cation%

Tb was performed by spin coating. The method used was a modi�ed Pe-

chini sol-gel method with the cheap and environmentally friendly precursors

acetic acid and ethylene glycol. The thin �lms were analysed with respect

to optical transmission, electrical conductivity, composition, crystal struc-

ture and microstructure. Bulk samples of nanocrystalline powders were also

synthesised from the ITO solutions. These powders were analysed with re-

spect to composition and chemical composition to verify that the solutions

had been prepared correctly.
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3 Literature survey

3.1 Indium oxide and ITO

3.1.1 Crystal structure

Pure indium oxide (In2O3) crystallises with the bixbyite structure at

ambient conditions. Figure 3.1a shows the crystal structure of In2O3. This

body-centered C-type rare earth sesquioxide lattice structure is similar to

�uorite and belongs to the space group Ia3, number 206 [5]. Unlike �uorite,

one fourths of the anions are missing, and this results in a rather complex

structure with empty oxygen lattice sites. The unit cell consists of 80 atoms

with 32 cations divided into two positions. As shown in Figure 3.1b, each

cation resides at the center of a distorted cube, with six corners occupied

by oxygens. All 8b cations are coordinated to six oxygens at a distance of

2.18 Å and to two empty oxygen lattice positions, which lie along a body

diagonal of the cube. The 24d cations exhibit less symmetry, as they are

(a) (b)

Figure 3.1: (a) Crystal structure of In2O3. Black, shaded and white spheres
represent resprectively 8b indium, 24d indium and 48e oxygen atoms
in a convetional unit cell [32]. (b) Cation positions in pure In2O3

[5].
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coordinated to six oxygens at three distances (2.13, 2.19, and 2.23 Å) and to

two empty oxygen lattice positions along a face diagonal of the cube. These

empty oxygen lattice positions, also called the 16c positions, are in most

literature referred to as interstitial positions [5, 6, 7, 8, 32]. The 48 oxygen

anions are coordinated to four cations and occupy the general position 48e.

Indium oxide is non-stoichiometric with respect to oxygen, leading to the

formula In2O3−δ. Delta (δ) depends on impurity concentration and syn-

thesis conditions, such as oxidizing or reducing atmosphere, but can be as

high as 0.01 [33]. A di�ractogram by Sunde et al. [10], given in Figure 3.2,

show the characteristic bixbyite structure of indium oxide.

Figure 3.2: XRD patterns of an amorphous ITO gel after evaporation of the sol-
vent, ITO powder after calcination at 400 ◦C and an ITO thin �lm
of 10 deposited layers [10]. The gel and the powder contain 5 cation%
Sn, while the �lm contains 10 cation% Sn. The pattern for the cubic
In2O3 with the space group Ia3 is given at the bottom.

Tin doped indium oxide, with tin content up to about 20 cation% Sn

(In2−xSnxO3,x<0.2) [4], can also crystallise with the bixbyite structure

[33, 34, 35]. The phase diagram of ITO is shown in Figure 3.3a. The In-
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rich side of the phasediagram is shown in Figure 3.3b. The diagrams show

that tin will not be dissolved in the indium oxide structure if it is in an

equilibrium state. This means that ITO thin �lms with 10 cation% tin

are thermodynamically metastable at ambient conditions. Preparation of

nanocrystalline ITO is usually conducted at as low temperature as possi-

ble to form a crystallisation in order to prevent particle coarsening. Since

long-range di�usion is kinetically limited during crystallisation, metastable

phases often crystallise depending on the precursors [35]. Rhombohedral

ITO can form at low temperatures and high tin levels, but can be trans-

formed back to the cubic phase when heated to around 900 ◦C [35].

(a) (b)

Figure 3.3: (a) Phase equilibria in the In2O3 − SnO2-system [34]. The compo-
sition of 10 cation% Sn (18.18 mol%) is marked as a vertical line.
(b) The In2O3 rich side of the In2O3−SnO2 of the phase diagram,
showing the solid solubility range of SnO2 in In2O3 [34]. The com-
position of 10 cation% Sn (18.18 mol%) is marked as a vertical line.

When substituted into the lattice structure of indium oxide, the Sn4+cations

have a preference for the more symmetrical 8b positions, shown by Gonzàlez

et al. [5] in 2004. But since there are 24 d-sites and only 8 b-sites in each
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unit cell, the tin occupancy will be considerable in both sites. If one only

consider the radii of six-coordinated In3+ and Sn4+, of 0.80 Å and 0.69 Å

[36], respectively, one would expect a lattice contraction when substituting

In3+ for Sn4+. Interestingly, this is not so straight forward. Frank and

Köstlin [37] showed how the lattice parameter changes in oxidizing and re-

ducing conditions when doping indium oxide thin �lms with tin [37], given

in Figure 3.4a. At low doping concentrations (cSn< 2 atom%) one can see

a small decrease in lattice parameter consistent with the smaller radius of

Sn4+. This is followed by a remarkable increase in the lattice parameter

with the tin concentration. The increase at higher doping levels can be

attributed to the higher e�ective charge of the Sn4+-ions, which causes a

repulsion force which cannot be completely compensated by the shielding

electrons [38]. ITO and In2O3 are usually prepared in reducing conditions

to constrain the amount of compensating interstitial oxygens in the struc-

ture and thereby maximise the oxygen vacancies. The lattice parameter of

ITO when produced in reducing conditions is usually in the range 10.118 -

10.31 Å [3], which is larger than that of pure In2O3 with a lattice parameter

of 10.117 Å [5, 6, 7, 8, 10, 32]. When prepared at oxidizing conditions, extra

oxygen atoms occupy the remaining interstitial 16c positions in each cube

to compensate the extra positive charge by the Sn4+ ions [6]. At ambient

conditions and normal oxygen partial pressures, the oxygen vacancy con-

centration is negligible [5, 6], and the tin doped indium oxide can therefore

be described by the molecular formula In2=xSn
�

x(Oi)
′′

x/2O3 [5, 8].

Figure 3.4a also shows that the lattice parameters in the reduced state

are always larger than in the oxidized state. The di�erence between the

oxidized and reduced states at a given tin concentration is shown in Figure

3.4b together with the measured di�erence of the carrier concentrations in

both states. It is clear that both di�erences are proportional. They increase
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linearly with the doping concentration up to a limit which is identical to

the solubility of tin in In2O3 of cSn, = 5-6 atom% , and then they remain

constant.

Figure 3.4: (a) Lattice constants of In2O3 : Sn layers, annealed under oxidizing
(∆) and reducing (x) conditions, vs. tin doping concentration. Cal-
culation from (800) x-ray re�ex. (b) Correlation of lattice constant
decrease (◦) with carrier concentration decrease (•) during oxidation
of reduced layers [37].

The thickness of the thin �lms also seems to a�ect the lattice parameter

of the ITO. A decrease in the lattice parameter as a function of number of

deposited layers has been reported by Kim et al. [39], where layers of ITO

thin �lms of thicknesses in the range of 30-700 nm were prepared by pulsed

laser deposition at 300◦C and a reducing environment of 10 mTorr oxygen.

This is illustrated in Figure 3.5. The explanation for for this decrease is
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probably due to the di�erence in expansion coe�cient between the glass

substrate (4.6 · 10−6/◦C [39]) and the thin �lm (7.2 · 10−6/◦C [39]), causing

a negative thermal strain between the more expanding thin �lm and the

less expanding substrate which decreases as the thin �lm gets thicker.

Figure 3.5: Lattice parameter of ITO as a function of thickness of the thin �lm.
Modi�ed from Kim et al. [39].

3.1.2 Nanostructure, microstructure and homogeneity

Sunde et al. [10] showed that the �lm thickness of ITO thin �lms in-

creases linearily with the number of deposition, with each deposition adding

around 17 ± 1 nm to the total thickness. These thin �lms were prepared

by an aqueous sol-gel method utilising acetic acid and ethylen glycol, a con-

centration of 0.2 M and 3 weight% PVA. The same work reported spherical

morphology of the grains in the �lm which had an average size of 16 ± 3 nm.

This suggested that the grain size re�ected the thickness of each deposited
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layer and that each deposited layer was similar to a monolayer of particles,

even after the �nal annealing step.

Also the homogeneity of a thin �lm consisting of several layers has shown

to increase as the number of layers increases. Guo et al. [40] presented

atomic force microscopy (AFM) images of the surfaces of epitaxially grown

ITO thin �lms of varying numbers of monolayers (ML), given in Figure 3.6.

The roughness appeared to reach a minimum at about 200 ML, where the

thin �lm became atomically smooth [40].

Sunde et al. [10] found that the crystallite sizes of ITO seemed to be

una�ected by the tin content, but increased as a result of higher calcination

temperature.

Figure 3.6: AFM 3D images 5 x 5 µm2: a) 5 ML, b) 20 ML, and c 200 ML ITO
thin-�lms grown on LaAlO3 substrates [40].

3.1.3 Defect structure and electrical conductivity

Given the importance of indium oxide and ITO, surprisingly little is

known with certainty about its defect chemistry. Undoped In2O3 is an

intrinsic n-type semiconductor [41]. This semiconductivity depends on the

conditions of preparation, grain boundaries and impurities, which can give

a poor reproducibility of experimental data [41]. The free electrons are
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donated from oxygen vacancies, according to Equation 1 and 2, concluded

by De Wit et al. in the 1970s [41, 42, 43].

OxO →
1

2
O2(g) + V ••O + 2e

′
(1)

Kred = pO
1/2
2 [V ••O ]n2 (2)

When indium oxide is prepared at high oxygen pressures, oxygen goes

into the interstitial position, as the electroneutrality in Equation 3 shows.

Many measurements have concluded that the oxygen interstitials are a mi-

nority species compared to the oxygen vacancies and that indium oxide is a

oxygen de�cient n-type conductor [5, 8, 37, 41, 42, 43]. But even at the max-

imal oxygen vacancy population of about 1 anion% at reducing conditions,

the free electron concentration is limited.

n+ 2
[
O
′′
i

]
= p+ 2 [V ••O ] (3)

Doping with tin can be described by simple Kröger-Vink notation, given

in Equations 4. Here we assume only Sn4+ cations, as Sn2+only occur at

strongly reducing conditions, shown by Köstlin's Mössbauer spectroscopy

measurements in 1975 [44]. ITO is an n-type degenerate semiconductor with

an optical bandgap of about 3.75 eV. If prepared under reducing conditions,

the interstitial oxygens will desorb, and as a result, each tin donates one

electron to the conduction band, as seen from Equation 5.

2SnO2
In2O3

−−−→ 2Sn•In +O
′′
i + 3Oxo (4)
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O
′′
i →

1

2
O2 + 2e′ (5)

At high tin concentrations or high oxygen pressures neutral Sn-oxygen

interstial associates,
[
2Sn•InO

′′
i

]x
, form where each interstitial oxygen is

loosely bound to two tin ions. When the oxygen pressure is low, these

associates decompose according to Equations 6 and 7, and one electron per

tin ion is still donated to the conduction band.

[
2Sn•InO

′′
i

]x
→ 1

2
O2(g) + 2Sn•In + 2e

′
(6)

Ka =
pO

1/2
2 [Sn•In]2 n2[
2Sn•InO

′′
i

]x (7)

One should expect that at higher oxygen pressures, a regime should be

reached where the tin concentration should balance the concentration of

the interstitial oxygens Sn•In = 1/2
[
O
′′
i

]
, as pointed out by Ikuma and

Murakami [45]. Since the oxygen interstitial concentration would be in-

dependent of the oxygen pressure in this regime, the oxygen vacancy con-

centration would also be independent of oxygen pressure, leading to a high

oxygen dependence of pO−1/4
2 for the electron population according to Equa-

tion 2. Instead a dependence of pO−1/8
2 has been observed by Hwang et al.

and by Frank and Köstlin [8, 37]. Frank and Köstlin concluded that this

depencence also was related to the neutral Sn-oxygen interstial associates.

At high oxygen pressures, these associates keep the electrons located, and

the carrier concentration is no longer proportional to the tin concentration

[8, 37].

Hwang et al. [8] presented the �rst calculated Brouwer diagram for ITO,

depicted in Figure 3.7.
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Figure 3.7: Calculated Brouwer diagram of ITO with 1 cation% tin at 500oC by
Hwang et al. [8] from 2000 showing the defect concentration and
di�erent defects in ITO as a function of oxygen partial pressure.

As the carrier concentration varies, the mobility changes aswell, as

shown in Frank and Köstlins diagram in Figure 3.8. The mobility increases

with decreasing oxygen pressure (dashed lines) and, in the reduced state,

approaches a limit. At constant pO2, the mobility decreases with increas-

ing tin doping concentration (continuous lines). Mobility and charge carrier

concentration are linked to each other making it impossible to increase the

conductivity above a certain limit. The mobility can be limited by scatter-

ing from di�erent sources, such as phonons, grain boundaries and neutral

and ionized point defects.
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Figure 3.8: Room-temperature Hall mobility vs. carrier concentration. − · −·
mobility calculated for scattering by ionized impurities; - - - constant
tin concentration, oxygen partial pressure varied; solid line: constant
oxygen partial pressure, tin concentration varied [37].

In general, both the mobility and the carrier concentration depend on

the oxidation state and the dopant concentration in a rather complicated

way [37]. Films prepared at low substrate temperatures tend to have mo-

bility values of about 10-20 cm2/V s [46], whereas �lms prepared under

optimized conditions attain values of 30-50 cm2/V s [47, 48] at carrier con-

centrations of N = 1021 cm−3.

These discussions about charge carrier concentration and mobility lead

to the electrical conductivity and resistivity of ITO. For dopipng of ITO to

be successful, the dopant must be soluble in the host lattice, the donor level

must be shallow in order to retain the large band gap and the dopant must

not be compensated by an intrinnsic defect [49]. Alam et al. [4] presented
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speci�c resistance data for ITO thin �lms of 250 nm, prepared by dip coating

and heat treated in air at 260◦C between each dipping, to tin concentration,

given in Figure 3.9a. The resistance decreases at �rst due to the increase in

charge carriers, donated from the tin ions. The resistance reaches its lowest

value at 10 cation% Sn before it starts to increase due to tin associates which

localises the electrons. Preparation at reducing conditions would prevent

formation of tin associates by reducing the amount of interstitial oxygens.

The resistivity would therefore become even smaller and the minimum would

be shifted to higher tin concentrations. Increased annealing temperature

also decreases the resistance, as shown in Figure 3.9b, with a minimum

resistivity at around 600 ◦C.

Minimum speci�c resistivities of ρ < 2 · 10−4Ωcm have been reported at

doping concentrations between 4 and 20 atom% Sn [37, 50, 51, 52, 53]. It

has been reported by some authors that the electrical resistivity of ITO thin

�lms decreases as the �lm thickness d increases. This is due to a larger cross-

section for the electron to �ow, but could also be explained by increased

�lm homogeneity as the thickness increases, as described in Section 3.1.2.

Films of thickness larger than 0.2µm tend to be homogeneous [10, 37, 40].

Bandgap considerations

Figure 3.10 by Klein et al. [9] illustrates the important surface potentials

and energy transitions of a generic n-type TCO. The fundamental bandgap

(Eg0) sets the low energy limit of optical transparency, which should be ≥3
eV to ensure transparency throughout the visible spectrum. On the other

hand, owing to high dispersion of the conduction band, degenerate doping

can result in ∼5 eV or greater additional increase in the e�ective band gap

[54], shown as (EF = EV BM ) in Figure 3.10, where EF is the Fermi level

and EV BM is the valence band maximum. This phenomenon is the well-
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(a) (b)

Figure 3.9: (a) Resistivity of the ITO thin �lms (250 nm) annealed at 600◦C as
a function of tin dopant concentration [4]. (b) Resistivity of the ITO
thin �lms as a function of annealing temperature [4].

known Burstein-Moss shift of the Fermi level with doping. The Fermi level

(EF=EV BM ) therefore tells the amount of carrier doping that has been

achieved. In general, the higher the Fermi level, the more conductive the

TCO. Of course, at too high a doping level, free carrier absorption will shift

the associated plasma frequency into the visible from the infrared and limit

the optical transparency.

Despite of the remarkable optoelectronic properties of ITO, the phys-

ical mechanism responsible has not been topic for investigation for many

researchers. Especially, the electronic structures near the bandgap which

dominate the optoelectronic property, have not been studied well neither

theoretically or experimentally. One of the reasons for this appears to be

that the complex unit cell of indium oxide makes it di�cult to perform

theoretical electronic structure calculations.
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Figure 3.10: Schematics of typical TCO band structure (a) and UPS spectrum
(b); Ip, WF, EA, Eg0, Evac, ECBM , EV BM , and EF denote ion-
ization potential, work function (φ), electron a�nity (χ), intrinsic
band gap, vacuum level, conduction band minimum, valence band
maximum, and Fermi level, respectively [9].

Ambrosini et al. [33] reported that the localized doping levels of tin

coalesce to form a dopant band which overlaps with the conduction band

of the pure indium oxide. Electronic structure calculations by Myrasov

and Freeman [8] showed that doping of In2O3 by Sn4+, or oxygen vacan-

cies, opened up a second bandgap (essential for transparency) between the

conduction band and states at higher energy. In 2001 Odaka et al. [32]

presented a work where electronic structure calculations of ITO resulted

in a better understanding of the complicated band-structure. Their data

showed that, when doping with tin, the overall features of the density of

states (DOS) corresponding to the valence and conduction band of In2O3,

were almost conserved except from the apparence of a new band below the

valence band. This new band formed mainly from bonding states between

Sn 5s-like and oxygen 2p-like states. Two other bands, of antibonding char-
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acter, composed of Sn 5s-like states appeared in the conduction band and

slightly disturbed this band. The Fermi level was situated in the lowest of

these two bands. Since a tin atom has one valence electron more than an in-

dium atom, substution of indium with tin will be expected to give one extra

free electron in ITO. One can think of three scenarios for carrier generation

in ITO. The �rst scenario is that the conduction band of indium oxide is

constructed mainly from indium 5s-like stated and that tin atoms donate

their electrons directly to this band. In this case, the electrical conductivity

takes place in the indium 5s-like conduction band and there is no need of

additional energy, such as light or heat, to create carrier electrons. The

second scenario is that the tin ions form localised impurity bands below the

conduction band. In this case, the electrons in the impurity bands cannot

move, and for conduction to happen, some energy will be needed to excite

these electrons to the conduction band of indium oxide. In this case we get

a semiconductor behaviour with an activation energy. The third scenario

is that the donor band, i.e., the Sn-like state itself becomes the conduction

band of ITO. The investigations of Odaka et al. [32] showed that an inter-

mediate case between the �rst and the third scenario appeared to occur in

ITO. A substitutional tin atom donates an extra electron to the conduction

band and this atom by itself forms a part of the conduction band. Since the

symmetry of the donor band is the same as the original conduction band,

the original conduction band does not seem to be signi�cantly disturbed by

the donor band.

The fundamental bandgap of In2O3/ITO was reported by Klein et al.

[9] to 2.8 ± 0.2 eV. But it is widely known that highly degenerate thin �lms

of ITO can exhibit band edge absorption in the range of 3.5�4.0 eV, which

is much larger than the 2.8 eV fundamental bandgap. The Burstein-Moss

shift alone cannot account for this large di�erence. One possible explanation
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is the presence of an indirect gap that is signi�cantly smaller than the

direct band gap. However, recent density functional theory calculations

have indicated that the energy di�erence between the overall VBM and the

highest occupied level at the point is less than 50 meV [55]. X-ray emission

spectroscopy results have also been consistent with a direct band gap for

In2O3 [56]. Work by Walsh et al. [57] showed that the separation between

weak and strong optical onsets (of ∼0.85�0.9 eV) arose from the fact that

transitions from the highest valence bands into the conduction band are

either symmetry-forbidden or have very low dipole intensity. Therefore,

strong optical absorption in degenerate ITO �lms occurs above 3.65�3.70

eV and includes both the fundamental gap of 2.8 eV and the 0.85�0.90 eV

separation described above.

3.1.4 Optical properties

Considering the previous Section 3.1.3, we understand that the elec-

tronic and optical properties of ITO and In2O3 are strongly related.

Good optical performance is crucial in evaluating the applicability of

conducting oxide �lms. A high transparency for the ITO thin �lm in the

visible region is required in applications with transparent electrodes for op-

toelectronic devices. ITO in thin �lm form exhibits 85-90 % transparency

across the visible spectrum [33, 4], depending on the tin content. Figure

3.11a by Christian et al. [58] from 1982 compares the optical transmis-

sion spectra for ITO thin �lms with 5 weight% Sn deposited on glass in air

with and without annealing. The �gure shows that annealing increases the

transmission. The work of Alam et al. [4] from 2000 con�rmed this trend.

An optical transmission spectrum of 10 weight% Sn-doped ITO thin �lms

deposited on glass with a thickness of 250 nm is shown in Figure 3.11b with

di�erent annealing temperature. Increasing annealing temperature provides
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improved optical transmission of the ITO �lm in the visible region, which

can be attributed to increased structural homogeneity and crystallinity [4],

and also a steeper optical absorption curve, which indicates a higher crys-

tallinity and lower defect density near the band edge. The UV absorption

edge is located at approximately 300 nm. The �gure also shows that the

transparency increases from 80 % at 400 nm to 85 % at 700 nm which is

su�ciently high for the applications of a transparent conductor.

To obtain an adequate transmission of the ITO thin �lm, the thickness

should be less than 150 nm [49]. But the �lm can not be to thin as this

will lower the electrical conductivity of the �lm. There has to be a trade-o�

between the transparency and electrical conductivity when optimizing the

properties of the TCO for speci�c applications.

(a) (b)

Figure 3.11: (a) Comparison of transmission spectra for deposited �lms with
soda-lime glass. All �lms were 250 Å thick deposited on soda-lime
glass substrates. The curves show (1) bare soda-lime glass, (2) oxy-
gen atmosphere deposited and annealed and (3) oxygen atmosphere
deposited �lms [58]. (b) Optical transmission spectra of ITO �lms
250 nm with various annealing temperature (1) 400◦C, (2) 500◦C
and (3) 600◦C [4].
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3.2 Doping with terbium: E�ects on the host

A good TCO must ful�ll several requirements. The bandgap needs to

be larger than 3.1 eV [9] to make the material transparent, and the charge

carrier concentration needs to be high enough to give good electrical con-

ductivity without compromising the mobility [37].

ITO is a semiconductor which combine good optical transparency and

high electrical conductivity. The long-term goal with terbium-doping of this

material is to introduce luminescent properties while retaining the remark-

able properties of the host. To the authors knowledge, no research has been

preformed on Tb-doped ITO, but one assumes that the introduction of this

rare earth element will a�ect many of the properties of the host. Previous

research on indium oxide and ITO doped with various rare earth elements,

such as europium, erbium, praseodymium and terbium, are in many cases

comparable to our situation, and the following discussions about these re-

sults can be closely related to the e�ects of terbium in ITO.

3.2.1 Crystal structure and phase composition

Previous research [14, 16, 59, 60, 61, 62] has shown that rare earth el-

ements can be implemented successfully into In2O3 even at relatively high

dopant concentrations without altering the crystal structure or phase pu-

rity. Xiao et al. [62] found that incorporation of 3 cation% europium into

indium oxide gave the same phase purity and crystal structure as that of

pure indium oxide. The observed d-spacing of the crystal structure was

0.413 nm, which is in good agreement with the lattice spacing for the (211)

plane of cubic In2O3. Research [60, 14] has shown that ITO with around 10

cation% tin can retain phase purity when doped with 0.3 cation% Eu3+and

1 cation% Nb3+. In an unpublished thesis by Sunde [49] higher rare earth
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concentrations were doped into ITO and In2O3. The results showed that

nanocrystalline ITO powders with 5 and 10 cation% rare earth contained

signi�cant amounts of the rhombohedral In2O3 phase. Increasing calcina-

tion temperature from 400 to 600◦C reduced the amount of the rhombo-

hedral phase, and as high temperature as 1400◦C almost eliminated the

phase. For the thin �lms, no secondary phases could be seen even at as

high dopant concentration at 10 cation% rare earth. The phase pure mate-

rials were assumed to be in a metastable state which allowed higher doping

concentration than the solubility limit.

Rare earth elements oxidize with varying strength, but under suitable

conditions, all the rare earths form sesquioxides, RE2O3 with a trivalent

rare element in its ground state [63]. From neodymium onwards, with the

exception of terbium, they occur naturally as sesquioxides, as the A-type

hexagonal structure from lanthanum to neodymium, and as the C-type cubic

bixbyite structure after terbium [64]. Terbium is an intermediate rare earth

which can crystallise both as trivalent and fourvalent oxide. Petit et al. [63]

suggested that its most stable form was as Tb4O7 with an oxidation number

of +3.5, and that it could be oxidized to its fourvalent state as TbO2 in high

oxygen pressure, or reduced under oxygen de�cient conditions to its trivalent

state as the cubic bixbyite structure of Tb2O3, similar to In2O3 and ITO

[63]. In fact, terbium oxides can crystallise in many di�erent oxidation

states describes as REOx,(1.5 ≤ x ≤ 2.0) [64]. The fourvalent Tb4+ is

stabilised additionally by half-�lled f-orbitals [63], but one should be aware

that the cation/anion ratio is of equal importance when determining the

structure of terbium oxide [64].

An illustration by the author of the relative stability of the dioxide versus

the sesquioxide structures for ceria, praseodymium and terbium is seen in

Figure 3.12. Terbium seems more stable as a sesquioxide compared to the
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others. The trivalent terbium ions prefer the bixbyite structure and are only

15 % larger than the In3+ ions, and will therefore substitute the 8b positions

and replace both indium ions and tin ions in these positions. Increasing the

oxygen concentration above 10−5bar the possibility of oxidizing the terbium

to its fourvalent state is present [10].

When implementing rare earths into In2O3 and ITO, the lattice parame-

ter shows shifting trends. Unpublished research by Sunde [49], where In2O3

and ITO thin �lms were doped with Eu3+ ions, showed that the lattice pa-

rameter decreased at small dopant concentrations towards a minimum at

around 1 cation% and then started to increase as the dopant concentration

increased further, as illustrated in Figure 3.13a. The �gure shows that the

lattice parameter has a minimum regardless of the In2O3 containing tin

or not, but that it reaches its minimum at a lower rare earth concentra-

tion when the In2O3 is not doped with tin. The same thesis also found

that preparing the same material as nanocrystalline powders, did not show

the same trend, as depicted in Figure, mainly because of secondary phases

forming during praparation. A similar trend for the lattice parameter has

been observed for tin doping of In2O3, described in Section 3.1.1.

Figure 3.12: Phase diagrams illustrating the relative stability of the dioxide and
sesquioxide structures of Ce, Pr and Tb and thereby the relative
stability of the trivalent and fourvalent oxidation states of the rare
earth cations. Created with inspiration from Adachi et al. [64]
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(a) Thin �lms.

(b) Nanocrystalline powders. The diagonal dashed lines are the
lattice parameter according to Vegar's law with end values
of 11.0770, 10.8660 and 10.7300 Å for Nd2O3, Eu2O3 and
Tb2O3, respectively.

Figure 3.13: Lattice parameter of europium doped In2O3 and ITO thin �lms and
nanocrystalline powders prepared at 600◦C as a function of rare
earth concentration [49].
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3.2.2 Nanostructure and microstructure

Research has found that the crystallite sizes of indium oxide and ITO

nanoparticles are not a�ected signi�cantly by incorporation of rare earth el-

ements in the lattice structure. Xiao et al. [62] found that the average sizes

of 3 cation% europium doped indium oxide nanoparticles heated at 600 °C

decreased slightly compared to that of pure In2O3 counterparts (v28 nm),

which revealed that the incorporation of Eu3+ into In2O3 nanocrystals

may restrained the nanocrystal growth to some extent. The In2O3 : Eu3+

nanocrystals were irregular spheres with diameters ranging from 15 to 20

nm. Sunde et al. [10] showed the same results when preparing nanocrys-

talline In2O3 powders doped with Eu3+.

3.2.3 Electrical conductivity

Ting et al. [61] reported results about Y 3+ and Eu3+ co-doped ITO

powders prepared in air. They found that the conductivity decreased slightly

when increasing both the amounts of Y 3+ and Eu3+, as shown in Figure

3.14. Kim et al. [59] also reported a decrease in the electrical conductivity

when doping In2O3 �lms with Er3+ prepared by sputtering. The �lms were

deposited on quartz substrates and were annealed either in air ambient or

in N2/H2 ambient. They found that Er-doping increased the resistivity by

more than two orders of magnitude when prepared in both conditions, due

mainly to a reduction of carrier concentration. This can be explained by

the fact that Er oxidizes easily, and the oxygen atoms associated with Er

atoms may �ll oxygen vacancies in an indium oxide host during the sput-

tering. In fact, the Er-doped indium oxide �lms showed a reduced amount

of n-type carrier concentration. Further, they reported that the increase in

resistivity from the Er-doping could be much alleviated by postdeposition
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annealing. In both ambient cases, the higher the annealing temperature

was, the smaller resistivity increase was observed. Annealing in reducing

ambient increased the carrier concentration dramatically (up to �ve orders

of magnitude for the Er-doped samples case and three orders of magnitude

for the undoped samples case). Oxygen desorption during the annealing in

reducing ambient was believed to have contributed to this increase in carrier

concentration. For the same reasons, terbium is also expected to decrease

the charge carrier concentration when prepared or post-annealed in air.

Sunde [49] reported in an unpublished thesis that the e�ects were depen-

dent on the material form of the rare earth doped ITO and In2O3 material.

As described in Section 3.2.1, the work showed that the nanocrystalline

thin �lms could be doped up to 10 cation% terbium without compromising

the phase purity. The thermopower for the thin �lms, related only to the

charge carrier concentration, appeared to vary so much that charge carrier

concentration seemed to be of larger importance to the conductivity then

the mobility, also implying that the mobility could be assumed constant.

Figure 3.14: Conductivity of the Eu3+-Y 3+ co-doped ITO pellets annealed in
air at 600°C for 1 h as a function of di�erent Eu3+-Y 3+ co-doping
concentrations [61].
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When discussing the e�ect of terbium of the conductivity of the ITO

host, it is reasonable to distinguish between the change in mobility and the

change in charge carrier concentration. If substituted as a trivalent ion,

terbium is expected to replace the 8b positions of indium oxide. Hence,

the defect chemistry of the structure would not change, as illustrated by

Kröger-Vink notation in Equation 8. In the presence of oxygen at high

temperatures, the terbium would be oxidized to higher valence, and inters-

tial oxygens would penetrate the structure to compensate the extra positive

charge. This is illustrated by Kröger-Vink notation in Equation 9. When

allowing oxygens to go into the structure the Tb4+ would localize the elec-

trons and therefore reduce the number of charge carriers.

Tb2O3
In2O3

−−−→ 2TbxIn + 3OxO (8)

2TbO2
In2O3

−−−→ 2Tb•In + 2OxO +O
′′
i (9)

Chatzichristodoulou et al. [65] reported results on the defect chemistry

and thermomechanical properties of terbium and praseodymium doped ce-

ria, Ce0.8PrxTb0.2−xO2−δ, which can be compared to ITO as a host. They

found a relationship between the oxygen vacancy concentration, δ, and the

partial pressure of oxygen, shown in Figure 3.15. At the insets of Figure

3.15a and 3.15b, where oxygen partial pressures and temperatures are low,

Ce3+ is oxidized to Ce4+, and it is observed that the Pr-rich compounds

have a higher oxygen content (smaller oxygen nonstoichiometry) and are

observed to absorb oxygen easier than the Tb-rich compounds with increas-

ing PO2 . In the intermediate part of the �gures, the vacancy concentration

is close to constant. The vacancy concentration of 0.10 corresponds to four-

valent cerium and trivalent dopants. When increasing the oxygen partial
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pressure further, the Pr-rich compounds start to oxidize at higher oxygen

pressures than the Tb-rich ones, which means that terbium is more stable as

a trivalent ion than praseodymium is. This di�erence in stability of the dif-

ferent oxidation numbers with oxygen pressures for cerium, praseodymium

and terbium was illustrated in Figure 3.12 in Section 3.2.1.

3.2.4 Optical properties

Li et al. [14] found that optical transmission of ITO thin �lms dimin-

ished only slightly when doping with Nb3+. The same is expected for ter-

bium doping of the ITO thin �lms. Sunde [49] also found that the optical

transmission of the thin �lms was almost ua�ected by rare earth doping due

to high solubility in the host. If implemented completely into the crystal

structure of ITO the material should interact with light in a similar manner.

Small traces of impurities could scatter or absorb the light and reduce the

transmittance.
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Figure 3.15: Oxygen nonstoichiometry and �t of the δ-linear solution defect
model for the compounds Ce0.8PrxTb0.2−xO2−δ at a) 600, b) 700
and c) 800oC. Modi�ed from Chatzichristodoulou et al. [65].
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3.3 Doping with terbium: Luminescence and upconversion

3.3.1 Luminescence

A phosphor, or luminescent material, is a material that emits light as a

result of it absorbing energy. Luminescence is emission of light due to other

causes than high temperature, such as electromagnetic radiation, beam of

energetic electrons, current or voltage, mechanical energy and biochemical

reactions in living organisms [21]. Phosphors are usually microcrystalline

and transparent materials with a small amount of intentionally added impu-

rity atoms, called activators, distributed homogeneously in the host. The

luminescence processes can therefore be divided into those related to the

host and those that occur around and within the activator. The latter

process is often the dominant process.

The aim of this paper is not to give a detailed description of quantum

mechanics related to the luminescence mechanisms, but to highlight the

principles nescessary to understand one of the long-term goals of doping

ITO with terbium. A luminescent material will only emit radiation when

the exitation energy is absorbed. Absorption can occur as narrow lines or

broad bands, either by the activator itself, by the host or by a sensitis-

ing atom depending on the allowed variation in exitation energy for the

electrons. When a luminescent material absorbs energy, electrons in the

activator are exited, and the transition from the initial ground state to the

exited state can be either allowed og forbidden. Transitions between states

that have the same parity (wavefunctions with the same symmetry), such as

f → f , are generally forbidden. Optical absorption transitions are strongly

forbidden by the parity selection rule. If parity-forbidden transitions occur,

the produced emmision is very weak. In practice, this means that electrons

cannot redistribute themselves within the same orbital. This is known as



32 3 LITERATURE SURVEY

Laporte's selection rule. When a photon is emitted by a transitioning elec-

tron, the total momentum of the system must be conserved. The spin, or

angular momentum, of a photon is 1, so when this photon is emitted, the

total momentum of the system must also change by 1. This is often referred

to as the spin rule [21].

Luminescent materials can be divided, depending on the decay time of

exitation, τ , into �uorescent and phosphorescent materials. Fluorescence

is a fast spin-allowed transition (4S = 0) with a decay time less than 10

ms. Phosphorescence is a spin-forbidden transition (4S = 1) with a decay

time of more than 100 ms, in some cases up to a few hours. Practically, one

can say that �uorescence is light emission during the time it is exposed to

exiting radiation, while in phosphorescence, an afterglow is detectable by

the human eye after cessation of exitation [21].

3.3.2 Principles of upconversion

Luminescent materials usually emit photons with lower energy than the

excitation ions, and thereby follow Stokes law.

Coupled lanthanide and uranide f ions and transition-metal d ions, when

embedded in host materials, may deviate from the above principle. Instead,

they upconvert the frequency by anti-Stokes emissions with moderate to

strong excitation intensities [17]. During upconversion, an ion is exited two

or more times to a higher energy level than the exitation energy itself. It

requires that the life time of the intermediate level is not too short, so that

the excitation radiation will excite the ion more than once.

There are many possible upconversion processes with widely di�erent

conversion e�ciencies, illustrated by the energy schemes for the six types of

upconversion in Figure 3.16. From left to right the following processes are

shown [15]:
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Figure 3.16: Various two-photon upconversion processes with their relative e�-
ciency in considered materials [17].

◦ Upconversion by energy transfer, also called the Auzel APTE e�ect
(for �Addition de Photon par Transferts d'Energie�) or Energy Trans-
fer Upconversion (ETU) [17]. An ion in the ground state A is exited
to state B, and then transfers its excitation energy to another B state
ion which is excited to state C and can now emit higher frequency.

◦ Upconversion by two-step absorption, also called multistep excitation
due to classical excited state absorption (ESA) [17]. The same ion is
excited two or more times until it reaches a higher state to emit from.

◦ Upconversion by cooperative sensitisation either between two ions or
between a pair of ions and a third one. Two ions of the same type
transfers excitation energy simultaneously to another ion which emits
from a higher level.

◦ Cooperative luminescence where two A ions combine their excitation
energy to one quantum which is emitted. The emitting level is only
quasi-virtual.

◦ Second harmonic generation, also called frequency doubling, in which
the frequency of the irradiated light is doubled without any absorption
transition taking place.

◦ Two-photon absorption in which two photons are simultaneously ab-
sorbed without using any real intermediary energy level.
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Luminescence can be limited by several factors which are mostly related to

the concentration of the dopants and interactions between them, as listed

under [20, 66].

◦ Solubility in the host. Above a certain dopant concentration, the
dopants form clusters which may reduce the e�ciency by either quench-
ing as a result of ion-ion interaction, or by formation of unwanted
compounds. This creates an upper boundary for dopant concentra-
tion. The sensitiser content is normally kept high (<20 mol%) in
doubly or triply doped nanocrystals, while the activator content is
relatively low (<2 mol%), minimizing crossrelaxation energy loss [62].

◦ Multiphonon relaxation. This only happens when a small number of
phonons are required to bridge the energy gap between the upper and
lower energy levels of the rare earth ion.

◦ Ion-ion interactions caused by nearby ions. If the ions are of the same
kind, they can quench each other and create non-radiative transitions
and loss. However, if they are of di�erent kinds, it can create sen-
sitisation of the rare earth and enhance the e�ciency, which is an
advantage.

◦ Thermal/non-radiative transitions. This may happen as a result of
a long upper state lifetime where one of the two absorbed phonons
are lost by thermal/non-radiative transitions or other unwanted tran-
sitions.
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3.3.3 The rare earths and terbium

The rare earths, also referred to as lanthanides, comprise the series of ele-

ments in the sixth row of the periodic table stretching from lanthanum to

ytterbium. These elements are characterised by partially �lled 4f orbitals

which are shielded from the surrounding matrix by the full 5s2 and 5p6

shells. This shielding provides similar ionic size and chemical properties

throughout the series and their electronic levels are therefore relatively in-

sensitive to the surrounding environment. When incorporated in crystalline

or amorphous hosts, the rare earths usually exist as trivalent ions, but can

occasionally be divalent or tetravalent ions. The trivalent ions all exhibit

intense narrow-band intra-4f luminescence in a wide variety of hosts, and

because of the 5s2 and 5p6 shielding, the rare earth ions exhibit radiative

transitions resembling those of the free ions [20, 66]. The intra-4f transitions

are, according to Laporte's selection rule, parity forbidden, but are made

partially allowed by crystal �eld interactions mixing opposite parity wave-

functions. These elements are therefore phosphorescent with long lifetimes

(often in the millisecond range) and narrow linewidths.

Tb3+ absorbs energy in the ultraviolet range in the form of 4f to 5d ab-

sorption bands. The dominant emitted radiation is green with wavelength

of 545 nm, as seen in the energy splitting diagram for Tb3+, given in Figure

3.17. Tb3+ has shown some good downconversion properties, but also up-

conversion has been detected for Tb3+ coupled with Eu3+ [15, 61] and with

Y b3+ [67], as cooperative luminescence, where Tb3+ acts as a sensitiser for

Eu3+ or Y b3+. The e�ciency for this process is somewhat lower than that

of the APTE and ESA processes [15]. Sunde [49] observed no emissions for

nanocrystalline In2O3 powders doped with terbium.
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Figure 3.17: Energy splitting diagram for the isolated Tb3+ ion showing domi-
nant emittance of green light with wavelength 545 nm.

3.3.4 ITO as a host for terbium

There are several requirements to consider when choosing a host for the

phosphors. First and foremost, the phosphor should be soluble in the host

lattice. Otherwise, precipitations will form which will quench or reduce

the luminescence signi�cantly. This is either caused by increased ion-ion

interactions due to higer activator concentration or by the formation of

compounds which are not optically active. Secondly, it is important that

the lattice vibrations are not in the same order of magnitude as the exited

energy states, as these will interfere and create non-emissive relaxation [49].

When the rare earths are trapped in host lattices, the matix e�ectively

reduces the quenching of rare earth surface emission by shielding the rare

earth ions present on the surface of the nanoparticles from the external
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ligands [16]. This comes in addition to the above mentioned shielding from

the outer 5s2 and 6s2 orbitals. The 4f energy levels are therefore shielded

quite well from the surroundings. Still, the e�ciency of the upconversion

will depend strongly on the choice of host lattice. The host materials are

generally required to match the structure and size of dopant ions and to

have low phonon energies [66]. For this reason, oxides have traditionally

been considered less suitable as host materials than �uorides, since oxides

have stronger bondings, resulting in stronger vibrations and interactions

with the dopant ion. This gives shorter lifetimes than in �uorides [15]. The

more covalent bonding of oxides means that less energy is required to exite

the electrons, and the energy transitions are lowered. This is known as the

neuphelauxetic e�ect [15].

Strong interaction with the surroundings can result in Stark splitting,

which broadens the levels as a result of low symmetry in the applied crystal

�eld, such as in amorphous glass [20]. In crystalline hosts, the rare earths

therefore prefer to substitute positions of high symmetry in the matrix [15,

20]. To the authors knowledge, there has not been conducted any research

on the energy level splitting of Tb3+ in ITO as host material.

Several researchers [14, 59, 60, 61] have shown that rare earth doped

conducting oxides hold considerable potential for physical applications since

they may allow both electrical as well as optical excitation of the rare earth

ions. This is due to several reasons. Firstly, their wide bandgap semicon-

ductivity [3] results in negligble thermal quenching of the luminescence com-

pared to semiconductors with narrower band gap, such as Si or GaAs [68],

which means that luminescence can be maintained at higher temperatures.

The high bandgap also opens up the possibility for host sensitisation, as il-

lustrated in Figure 3.18. Here, the host absorbs energy across the bandgap

and transfers it to one of the higher energy levels of Eu3+. Secondly, the
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electrical conductivity can be adjusted by controlling the stoichiometry of

added dopants. Polycrystalline TCOs provide high conductivity, and even

relatively high additions of rare-earth elements are not expected to deterio-

rate this property if the rare earths are substituted into the lattice structure.

Figure 3.18: Host sensitisation of a Eu3+ by absorption across the optical
bandgap of In2O3.

Ceria (CeO2) is a crystalline mixed ionic electronic conductor with a

�uorite structure quite reminiscent of the bixbyite structure of ITO. In

ceria, all the oxygen positions are �lled, whereas in bixbyite structure of

ITO, one fourths of the oxygens are missing. Due to similar structures and

cation sizes, ITO and ceria are expected to perform similarily as hosts for

rare earths. The case of ceria doped with terbium and praseodymium was

discussed in Section 3.2.3, showing that terbium can be implemented com-

pletely into the crystal structure [65]. Researchers have shown contradictory

results on the luminescent properties of europium doped ceria. Wang et al.
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[69] showed that europium was not e�cient in increasing the photolumines-

cent properties of ceria nanocrystals, while Liu et al. [70] showed increased

emission up to 1 mol% Eu3+ followed by a decrease due to concentration

quenching. Kumar et al. [71] attributed these contradictory results to

variations in defect concentration and the Ce3+/Ce4+ ratio. Lowering the

vacancy concentration and Ce3+ concentration, they managed to synthesise

CeO2 : Eu3+ powders with increasing photoluminescence up to about 15

mol% europium.

Sunde [49] con�rmed that also ITO was an appropriate host for rare

earths, as the dopant could be implemented well into the structure without

compromising the functional properties of the host. The results also showed

luminescent properties when doping ITO powder with Eu3+. No emission

was detected for Tb3+ in ITO powders.



40 3 LITERATURE SURVEY

3.4 Preparation of nanocrystalline ITO by sol-gel

3.4.1 General principles of sol-gel techniques

The sol-gel technology was developed mainly during the last 40 years as

an alternative for preparation of ceramics at considerably lower tempera-

tures than the traditional high-temperature syntheses based on raw natural

materials [72]. In this technique one starts o� with an initial solution con-

taining precursors in stoichiometric amounts. Treatment of this solution

introduces di�erent polymerization processes which lead to a gradual for-

mation of a solid phase network. The initial solution undergoes several

transformations during the process, including, gelling, drying, forming and

calcination which result in formation of powders, �bers, coating, bulk mono-

lithic products, thin �lm etc.

The sol-gel technology is a typical nanotechnology because all gel prod-

ucts may contain nanoparticles or are nanocomposites [73]. The large va-

riety of products which can be produced from this technique illustrates its

versatility and �exibility. Ferroelectrics, solid electrolytes, photocatalyst

gels, coatings agains mist, hydrophilic aerogels, coatings for cars, micro�l-

ters and sensors are some products formed by sol-gel techniques [72].

Today, there exist a variety of chemical techniques to synthesise nanocrys-

talline thin �lms, such as reactive electron beam evaporation, DC magnetron

sputtering, evaporation, reactive thermal deposition, spray pyrolysis, laser

abliation and sol-gel deposition [4, 74]. Amongst these techniques, the sol-

gel method seems to be the most attractive one due to easy coating of desired

shape and area and easy control of the doping level, solution concentration,

phase purity and homogeneity without using expensive and complicated

equipment and precursors [4, 75].
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3.4.2 The Pechini method and modi�cations for preparing ITO

thin �lms

The prepared solution should be homogeneously mixed and remain sta-

ble. In some sol-gel methods, including the Pechini method, the solution

stability is achieved by complexing the cations. The Pechini method, il-

lustrated by chemical reactions in Figure 3.19, relies on the formation of

complexes of alkali metals, alkaline earths, transition metals, or even non-

metals with bi- and tridendate organic chelating agents such as citric acid

[74]. A polyalcohol such as ethylene glycol is added to establish linkages

between the chelates by a polyesteri�cation reaction, resulting in gelation of

the reaction mixture. The solvent is evaporated from the solution, resulting

in a gel with strong covalent bonds [74], and the gel is then heated to obtain

a nanocrystalline ceramic.

The Pechini method normally utilises acids with two or more carboxyl

groups, so that a network can form between the adjacent acid molecules

during complexation, as illustrated in Figure 3.19. A novel modi�ed version

of the Pechini method for preparing ITO, reported by Sunde et al. [10],

replaces the citric acid, containing three carboxyl groups, with acetic acid

which only has one carboxyl group. The synthesis starts by mixing relatively

inexpensive precursor solutions of indium nitrate and tin acetate along with

acetic acid as a complexing agent and ethylene glycol as gelation agent.

The solution is further diluted in an aqueous solvent with 3 wt% polyvinyl

alcohol (PVA). After drying, the gel is heated to initiate pyrolysis of the

organic species, resulting in agglomerated submicron oxide particles [74].

The use of acetic acid with one carboxyl group would assumingly mean

that proper gel formation is not possible in the system. The reason for this

is in not yet fully understood, but one assumes that even if a network is not
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formed, the bondings between the acid groups and the metal cations are

strong enough to keep the cations apart. The e�ect of ethylene glycol in the

solution is thereby also not understood well. Nonetheless, the aforemen-

tioned research by Sunde et al. has shown that the synthesis can provide

high quality thin �lms and powders of high nanocrystallinity, homogeneity

and phase purity.

Figure 3.19: Conceptual representation of the condensation between a metal
cation, citric acid, and a polyol: the early stages of the Pechini
method. Modi�ed from Cushing [74].

Preparation of nanocrystalline ITO thin �lms by spin coating

Spin coating is an easy and highly reproducible method where an excess

of precursor solution is placed on a substrate and spun o� by centripetal

forces. The method is used to create a thin and even �lm, and the procedure

can be repeated several times to obtain a multi-layer structure. An overview

of the spin coating process is given in Figure 3.20.
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Figure 3.20: The principle of the spin coating method for preparing thin �lms.

To make defect free thin �lms, the following parameters are important

in controlling the microstructure and thickness of the �lm [26]:

◦ Spin rate

◦ Viscosity of sol and wetting properties on the substrate

◦ Concentration of material-precursor

◦ Time between deposition of droplet and start of spinning

◦ pH of solution

◦ Number of layers deposited

◦ Age and stability of the sol

◦ Drying and heating program
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4 Experimental work

4.1 Material synthesis

The synthesis route has been developed by Sunde et al. [10] for the

preparation of nanocrystalline In2O3 and ITO thin �lms and powders. The

preparation conditions for the thin �lms were chosen to give high conduc-

tivity and optical transmission. Previous research has shown that ITO thin

�lms prepared at atmospheric oxygen partial pressures exhibit minimum

speci�c resistance of 1.5 · 10−3ohmcm [4] when the tin concentration is

around 10 cation% (11.5 cation% in a research by Alam et al. [4] and 12.5

cation% in a paper by Frank and Köstlin [37]). They also showed that

a calcination temperature of the thin �lms of 600◦C provided the lowest

resistivities. The thin �lms exhibited good optical transmission of up to

93 % [4]. The tin concentration and the calcination temperature for the

present work were chosen to 10 cation% and 530◦C, respectively. The thin

�lms were annealed at reducing conditions, which would expect to give even

higher conductivities than thin �lms prepared at atmospheric oxygen partial

pressures.

Figure 4.1 provides a �ow chart which summarises the process steps per-

formed to prepare nanocrystalline powders and thin �lms. For preparation

of ITO:Tb solutions, precursors of indium (III) nitrate hydrate (In(NO3)3 ·
xH2O, 99.9 %, Aldrich) and tin(II) acetate (Sn(CH3CO2)2, 99.9 %, Aldrich)

were used. Since indium nitrate hydrate is hygroscopic, an aqueous solu-

tion of indium nitrate hydrate was stardardised by a thermogravimetrical

analysis where the solid was dissolved in deionized water and weighted.

The doping element terbium was added to the mixture as terbium nitrate

pentahydrate (Tb(NO3)3 · 5H2O, 99.9 %, Aldrich). Six di�erent solutions

were made. The desired ratio of tin compared to total amount of indium
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and tin was 10 cation% Sn (cation% Sn = nSn
nSn+nIn

). The desired ratio

terbium relative to total amount of cations was 0.5, 1, 2, 5 and 10 cation%

Tb (cation% Tb = nTb
nSn+nIn+nTb

). A solution with 90 cation% indium and

10 cation% tin, without terbium, was also made as a reference composition.

Acetic acid (AA) (CH3COOH,p.a. Acros Organics) and ethylene glycol

(EG) (C2H4(OH)4, VWR) were used as the complexing agent and the es-

teri�cation agent. They were added to give a molar ratio of 1:1.5 between

the cations and the organic additives. The compositions for the di�erent

solutions are given in Table 4.1.

Finally, the solutions were diluted in a 1:1 volume ratio with a solution

of 3 weight% PVA in deionized water in order to modify the concentration,

viscosity, wetability and expansion di�erences between the substrate and the

solution, so that the solutions could be used for spin coating of thin �lms as

well as powder preparation. The cation concentration of the �nal solution

was 0.2 M or 0.4 M. Details about the composition of each solution and the

standardisation of the indium(III)nitrate precursor are given in Appendix

A.

Table 4.1: Compositions of the di�erent solutions.

Solution Amount
In

(cation%)

Amount
Sn

(cation%)

Amount
Tb

(cation%)

Total
cation

conc. [M]

1 90 10 0 0.2
2 89.5 10.0 0.5 0.4
3 88.3 10.6 1.1 0.2
4 87.3 10.5 2.2 0.2
5 85.5 9.5 5.0 0.4
6 81.0 9.0 10.0 0.4
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Figure 4.1: Flow chart summarizing the process steps performed to prepare
nanocrystalline ITO powder and ITO thin �lms.

4.1.1 Preparation of nanocrystalline ITO thin �lms

The ITO thin �lms were deposited on square glass substrates (Menzel-

Gläser, microscope slides) of 25x25 mm by spin coating. The substrates

were washed with 5 % soap water, rinsed in ethanol and deionized water

and dried with an airbrush prior to the deposition. The solution was applied

to the substrates using a syringe with 0.2 µm �lter to remove precipitates.

The substrates were covered completely by applying a su�cient amount

of solution, approximately 20 droplets. A spin coater (Laurell WS-400B-
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6NPP-Lite Spinner) spun the substrates at 2500 rpm for 45 seconds. After

short drying in air, the �lms were calcinated under vacuum (102 mbar,

10−10atm ≤ pO2 ≤ 10−5atm) in a rapid thermal process furnace (RTP,

Jipelec JetFirst 200 Processor) at 530 ◦C for 1 hour. The chamber was

purged with nitrogen gas before the onset of the vacuum, assuring an inert

atmosphere. This procedure was repeated up to ten times in order to make

multilayer thin �lms. Table 4.2 gives an overview of all the di�erent thin

�lms prepared from the solutions.

Table 4.2: Overview of the prepared �lms and which solution that was used for
the deposition.

Solution 3 layers 7 layers 10
layers

ITO x
ITO:0.5 cation% Tb x x x
ITO:1.0 cation% Tb x x x
ITO:2.0 cation% Tb x
ITO:5.0 cation% Tb x x x
ITO:10.0 cation%Tb x x x

4.1.2 Preparation of nanocrystalline ITO powders

For the powder preparation, portions of the solutions were kept on a hot

plate with a magnetic stirrer overnight in order to evaporate the solvent and

transform the solutions into gels. Finally, the gels were ground lightly in an

agate mortar and calcined for 3 hours at 600 ◦C in order to evaporate the

organics and decompose the gels into nanocrystalline oxide powders.
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4.2 Characterisation

The following techniques were applied in order to investigate the com-

positional, optical, electrical and structural properties of the thin �lms and

powders.

4.2.1 X-Ray Di�raction Patterning

All of the synthesised powders were characterised by X-ray Di�raction

Patterning (XRD) using a D8 Focus con�gured in θ-2θ mode (Bruker AXS)

with CuKα1 radiation, while the thin �lms on glass substrates where char-

acterised by grazing incidence X-ray Di�raction Patterning (GI-XRD) us-

ing a D5005 base goniometer con�gured in θ-θ mode (Bruker AXS) with

CuKα1 radiation. The di�raction data from both powders and thin �lm

were analysed using the software Di�rac.EVA version 2.1 (Bruker AXS),

which provided phase composition and lattice structure, and by the soft-

ware Di�rac.TOPAS version 4.2 for Rietveld re�nements using the space

group Ia3 in order to provide the lattice parameter of the crystal structure

and the crystallite size from volume averaged column height calculated from

the integral breadth, Lvol−IB.

The Rietveld re�nement was performed using a hkl-phase in which the

occupancy parameters are not included. This means that the software cal-

culates the lattice parameters based only upon the position of the di�rac-

togram re�ections and not the shape of the re�ections [76]. The shape is

a�ected by the occupancy at each lattice plane and is therefore di�cult to

know precisely. The lattice parameter, crystallite size (both Gaussian and

Lorentzian) and strain (both Gaussian and Lorentzian) were free parameters

while the cell volume was held constant in the re�nement.
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4.2.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) using secondary electron emission

was performed in a Zeiss Ultra 55 (Low Vacuum Field emission gun) for

imaging the surfaces of a selection of the thin �lms at a nanoscale.

4.2.3 Ellipsometry

Ellipsometry is an optical technique which measures the change in po-

larization of elliptically polarized light when it travels trough a material,

and was used to characterise the optical transmission of the thin �lms in

the range of 0-1700 nm. The ellipsometry also gave the thicknesses of the

thin �lms. The measurements were performed using a RC2 Ellipsometer (J.

A. Wollam Co. Inc.). More detailed information about the technique and

polarization is given i Appendix B, which summarizes some of the principles

explained in a tutorial by Wollam Co. Inc. [77].

The absorption coe�cients of the 10 layer thin �lms were calculated by

a simpli�ed relation neglecting the re�ectance, as shown in Equation 10,

where α is the absorption coe�sient, t is the thickness of the thin �lm and

T is the transmission.

α =
1

t
ln(T ) (10)

4.2.4 Conductivity measurements by the Van der Pauw method

Electrical conductivity measurements were performed on the thin �lms

using an in-house built Van der Pauw apparatus. In order to remove edge

e�ects from the spin coating, the substrates with the deposited thin �lms

were cut into squares of approximately 12 × 12 mm from the center of the

substrates. The electrical conductivity at ambient conditions was measured
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for three, or in a few cases two, samples for each doping level of the rare

earth element. The Van der Pauw method [78] utilises four platinum contact

points placed quadratically apart on the thin �lm and measures electrical

resistivity along the sides of the quadrate. These resistivities are referred

to as RAB,DC1, RAC,DB1, RAB,DC2 and RAC,DB2 and can be averaged to

the mean values RAB,DC and RCA,BD. A correction factor, f, accounting

for the geometric errors, is calculated by Equation 11. In the general case

it is not possible to express the sheet resistance, ρ, explicitly by known

functions, but the solution can however be written in the simpli�ed form

given in Equation 12. The sheet resistance is the speci�c resistance of the

material, r, divided by the thickness of the �lm. For each sample, eight

di�erent con�gurations, where the current and voltage drop were measured

in di�erent directions and along di�erent sides of the �lm, as shown in

Figure 4.2, gave an average sheet resistance for the sample. Considering

the values found for the thickness of the 10 layer thin �lms by ellipsometry,

the speci�c resistance was calculated. In-situ conductivity measurements

by the Van der Pauw method were also performed on the 10 layer ITO thin

�lms where the �lms were heated in air at 300 oC for 6 hours and cooled to

the initial temperature.

RAB,CD −RBC,DA
RAB,CD +RBC,DA

= f cosh−1

{
exp (ln 2/f)

2

}
(11)

ρ =
Πd

ln 2

RAB,CD +RBC,DA
2

f (12)
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Figure 4.2: Con�guration of the contact points and current �ow during conduc-
tivity measurements with Van der Pauw apparatus. Current (I) is
measured along one side, and voltage (V) is measured along the other.

4.2.5 Atomic force microscopy and luminescence microscopy

Atomic force microscopy (AFM) was performed in order to characterise

the surface at a nanoscale, and luminescence microscopy was perfored to

reveal if the samples showed any luminescent e�ects. These techniques

proved to be quite di�cult and non-conclusive due, amongst other reasons,

to the nature of the thin �lms.
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5 Results

5.1 E�ect of terbium on the ITO host

5.1.1 Crystal structure and phase composition

The di�ractograms for the nanocrystalline ITO thin �lms and the pow-

ders synthesised from the same solutions are given in Figure 5.1, along with

a reference pattern for the bixbyite structure. The di�ractograms show that

all the thin �lms consist mainly of the cubic bixbyite polymorph with a neg-

ligable amount of impurities, as desired. The broad nature of the di�raction

peaks imply that nanocrystalline ITO:Tb was formed.

Rietveld analysis provided the lattice parameters for synthesised thin

�lms and powders. The lattice parameter for thin �lms of varying thickness

are given in Figure 5.2a as a function of terbium concentration, and a clear

trend can be observed. For the thin �lms prepared at reducing conditions,

a decrease in lattice parameter can be seen at low terbium concentrations

followed by a sudden shift at approximately 1 cation% Tb where the lattice

parameter starts to increase as a function of terbium concentration. The

slope lattice parameter seems decrease with terbim concentration. For the

thin �lms of 10 layers post-annealed in air at 300oC, a continuous increase

in the lattice parameter can be observed as a function of terbium content,

also with decreasing slope. One can also observe that the lattice parameter

increases with the number of deposited layers, depicted as a function of

number of deposited layers in Figure 5.2b. The lattice parameters for the

nanocrystalline powders synthesised from the same solutions as a function

of terbium concentration do not show such a clear trend, as seen in Figure

5.3. A more detailed overview of the re�nement parameters and results to

reveil the lattice parameters can be found in Appendix C.
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Figure 5.1: Di�ractograms for nanocrystalline thin �lms and powders of ITO:Tb.
A reference pattern of the cubic bixbyite crystal structure (space
group Ia3) for In2O3 is given as vertical lines. The legends refer
to ITO:Tb thin �lms with 0 cation% (black line), 0.5 cation% (red
line), 1 cation% (blue line), 2 cation% (grey line), 5 cation% (pink
line) and 10 cation% (green line) terbium.
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(a) The legends refer to ITO:Tb thin �lms of 3 (red line), 7 (green
line), 10 (pink line) as prepared deposited layers, and one post-
annealed thin �lm of 10 (blue line) deposited layers.

(b) The legends refer to ITO thin �lms with 0.5 cation% (red line), 1
cation% (blue line), 5 cation% (pink line) and 10 cation% (green
line) terbium.

Figure 5.2: Lattice parameters for the nanocrystalline ITO:Tb thin �lms and
powders as a function of a) terbium concentration and b) number
of deposited layers.
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Figure 5.3: Lattice parameters for nanocrystalline powders as a function of ter-
bium concentration.

5.1.2 Nanostructure and microstructure

The scanning electron microscopy (SEM) image of the surfaces of two

thin �lms with 0.5 cation% terbium and 10 cation% terbium, respectively,

given in Figure 5.4, show a smooth and homogeneous surface of spherical

particles with relatively small grain size distribution. The mean grain size

of the 0.5 cation% Tb thin �lm is 23± 1 nm, and the grain size for the 10

cation% Tb thin �lm is 22 ± 1 nm. The calculations for these grain sizes

are given in Appendix D.

According to the Rietveld re�nement, the crystallite size for the thin

�lms does not depend on the terbium concentration, nor on the numbers

of deposited layers, as can be seen in Figure 5.5a where the crystallite

sizes for thin �lms of varying thickness are given as a function of terbium

concentration. The value for the 10 layer ITO:Tb thin �lm with 0 cation%
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a) b)

Figure 5.4: Scanning Electron Microscopy image of the surface of 10 layer
ITO:Tb thin �lms with a) 0.5 cation% Tb and b) 10 cation% Tb.
The images show negligable change in the grain size size as a func-
tion of terbium concentration.

terbium is somewhat lower than the other values, and is most likely due to

poor quality of the corresponding X-Ray Di�ractogram which was shown in

Figure 5.1. The average crystallite size for the ITO:Tb thin �lms, excluding

the outlier value of the 0 cation% Tb �lm, is 10 ± 1 nm. The crystallite

sizes for the nanocrystalline ITO:Tb powders are more scattered than the

corresponding values for the thin �lms, increasing from 10.4 nm to 14.6

nm, as shown in Figure 5.5b as a function of terbium concentration. The

values for both the thin �lms and the powders are in the same order of

magnitude as the grain sizes shown in Figure 5.4. A more detailed overview

of the re�nement parameters and results to reveil the crystallite sizes can

be found in Appendix C.
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(a) The legends refer to ITO:Tb thin �lms of 3 (red line), 7
(green line), 10 (pink line) as prepared deposited layers, and
one post-annealed thin �lm of 10 (blue line) deposited layers.

(b) Crystallite sizes of the nanocrystalline ITO:Tb powders.

Figure 5.5: Crystallite size as a function of terbium concentration for (a)
the nanocrystalline ITO:Tb thin �lms and (b) the nanocrystalline
ITO:Tb powders. The crystallite sizes have been obtained by Rietveld
re�nement using the volume averaged column height calculated from
the integral breadth, Lvol − IB.
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5.1.3 Electrical conductivity

The sheet resistances at ambient conditions of the ITO:Tb thin �lms of

varying number of deposited layers as a function of the terbium concentra-

tion are given in Figure 5.6a. The sheet resistance increases as a function

terbium concentration and there seems to be an increase in the slope. One

can also see that the sheet resistance decreases as a function of the num-

ber of deposited layers and that the e�ect is more prominent at the higher

terbium concentrations. The speci�c resistance for the 10 layer thin �lms

as a function of the terbium concentration, calculated by dividing the sheet

resistance by the thickness of the �lm, is given in Figure 5.6b. The �gure

shows a clear increase in speci�c resistance as the terbium concentration

increases.

The thin �lms were also post-annealed in air ambient to 300oC. The

electrical conductivity curves for the 10 layer thin �lms for varying terbium

concentrations as a function of the temperature during heating are given in

Figure 5.7a. The conductivity increases for all the thin �lms at �rst, with

a smaller increase as the terbium concentration increases. Line a in the

�gure marks a shift in the curvature, which occurs for all the thin �lms as

the conductivity increases during the heating. A maximum conductivity,

marked by line b in the �gure, occurs for all the samples followed by a steep

decrease in conductivity.

Figure 5.7b shows the electrical conductivity relaxation at a constant

temperature of 300 oC given as a function of time. The conductivity de-

creases as a function of time for all the thin �lms and reaches the minimum

conductivity in a shorter time when the terbium concentration is high.
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(a) Sheet resistance at ambient conditions of ITO:Tb thin
�lms of varying thickness as a function of the terbium
concentration. The legends refer to ITO:Tb thin �lms of
3 (red line), 7 (green line), 10 (pink line) as prepared de-
posited layers.

(b) Speci�c resistance of the 10 layer ITO:Tb thin �lms as
a function of the terbium concentration calculated from
the sheet resistance multiplied by the thickness of the as
prepared thin �lm.

Figure 5.6: Sheet resistance and speci�c resistance at ambient conditions of the
as prepared ITO:Tb thin �lms as a function of terbium concentration.
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(a) Electrical conductivity during heating up to 300◦C in
air of 10 layer ITO:Tb thin �lms of varying terbium
concentration as a function the temperature.

(b) Electrical conductivity relaxation at 300oC for ITO:Tb
thin �lms with varying terbium concentration as a func-
tion of time.

Figure 5.7: The legends refer to ITO:Tb thin �lms with 0 cation% (black line),
2 cation% (grey line), 5 cation% (pink line), 10 cation% (green line)
terbium.
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5.1.4 Optical properties

The optical transmission curves for the as prepared 10 layer thin �lms

of varying terbium concentration are given in Figure 5.8. The results have

been obtained mainly by ellipsometry, but also by spectrophotometry for

the thin �lms with 0, 1 and 2 cation% terbium.

Figure 5.8: Optical transmission of as prepared 10 layer ITO:Tb thin �ms with
varying terbium concentration for wavelengths in the range 0-1700
nm. The transmission was measured with ellipsometry for all the thin
�lms, in addition to spectrophotometry for the 1 cation% Tb and the
2 cation% Tb sample. The legends refer to ITO:Tb thin �lms with
0 cation% (E) (black line), 0.5 cation% (E) (red line), 1 cation%
(E) (dark green line), 1 cation% (SP) (light green line), 2 cation%
(E) (dark blue line), 2 cation% (SP) (light blue line), 5 cation% (E)
(pink line) and 10 cation% (E) (grey line) terbium, where E and SP
are short for ellipsometry and spectrophotometry, respectively.
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The absolute values in this �gure should not be considered reliable, be-

cause of the di�erent measurement techniques and the poor reproducability

of absolute values by both techniques.

Nonetheless, the relative trends are valid, such as the shape of the curves,

con�rmed for the samples which were measured by both techniques. The

ellipsometry curves of the 1 and 2 cation% terbium samples provide very

low absolute values, probably due to improper apparature parameters. For

the other curves, the transmission is high, and up 92 % transmission in

the visible spectrum and an absorption band edge around 350 nm. The

transmission does not seem to be dependent on the terbium concentration.

The maximum transmission along with the corresponding wavelengths for

the thin �lms are given in Table 5.1.

A close-up of the curves from about 300 nm to 350 nm for the 0.5, 5

and 10 cation% terbium samples of 10 layers do not show any clear trend

when it comes to the slope of the curves. For all the transmission curves

measured by ellipsometry, one can observe a spike in the curves around

the same wavelength. These spikes are only instrumental artifacts. The

ellipsometry measurements showed that the optical bandgap of the thin

�lms were independent of the terbium concentration and in the range of

3.2-3.6 eV.

Thicknesses of the thin �lms, which also were measured by ellipsometry,

are also given in Table 5.1. The errors for these values are probably in

the range of about 50 nm. The absorption coe�sients of the thin �lm,

calculated from the thicknesses and maximum transmissions, are also given

in the table. The absorption coe�cient for the thin �lm with 2 cation%

deviates from the other values.
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Table 5.1: Maximum optical transmission along with corresponding wavelengths
for the 10 layer ITO:Tb thin �lms with various terbium concentrations
measured by ellipsometry. The thicknesses measured by ellipsometry
and the calculated absorption coe�cients are also given. The error of
the thicknesses is believed to be around 50 nm.

Terbium
conc.
[cat.%]

Wavelength
[nm]

Max.
trans-
mission
[%]

Thickness
[nm]

Absorption
coe�cient

0.5 728 92.1 184 −1.9 · 103

1.0 620 - 146 -
2.0 714 83.1 171 −4.7 · 103

5.0 612 92.0 160 −2.3 · 103

10.0 825 91.1 203 −2.0 · 103
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5.2 Observations during the syntheses

During preparation of the ITO:Tb solutions, the solids dissolved easily

in the aqueous solvent with acetic acid and ethylene glycol. The solutions

seemed stable and homogeneous although some particles precipitated in all

of the solutions only minutes after mixing. Nevertheless, it seemed like this

amount remained constant after this �rst precipitation, and that the solu-

tions were stable for several months after preparation. There was a slight

di�erence in color nuance between the �nished nanocrystalline powders.

Figure 5.9a shows a 10 layer ITO:Tb thin �lm with 5 cation% terbium,

while Figure 5.9b shows �nished ITO:Tb powder.

(a) 10 layer thin �lm. (b) Powder.

Figure 5.9: Prepared nanocrystalline ITO:Tb in powder form and as a thin �lm
on glass substrate. The powder and the thin �lm contain 5 cation%
terbium.
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6 Discussion

6.1 E�ect of terbium on the ITO host

6.1.1 Crystal structure and phase composition

The X-ray di�ractograms in Section 5.1.1 show that the modi�ed Pe-

chini sol-gel method adopted from Sunde et al. [10] can be used to synthesise

nanocrystalline ITO (10 cation% tin) thin �lms and powders doped with

terbium. All the thin �lms and powders seemed to be of high phase purity,

with and without terbium, and no trace of impurities from the substrate

was observed. But even though the di�ractograms did not show any ap-

parent secondary phases, a recent unpublished thesis by Sunde [49] showed

that doping concentrations above 2 cation% terbium in ITO did cause for-

mation of the rhombohedral ITO phase when prepared as nanocrystalline

powders. The phase purity was much higher when the materials were pre-

pared as thin �lms, with almost no trace of the secondary phase. The

phase pure materials are assumed to be in a metastable state which allowed

higher doping concentration than the solubility limit, in the same way as

tin can be doped into In2O3 above the solubility limit. The broad nature

of the di�ractogram re�ections indicated that the synthesised powders and

thin �lms were all nanocrystalline. The large doping concentration of 10

cation% terbium exceeded the rare earth doping concentration of other re-

searcher groups [14, 60, 61, 79], which have doped other rare earths into the

ITO lattice. Our results therefore underlined their successful implementa-

tion of rare earths into ITO and showed that even higher amounts can be

implemented than previously attempted.

The lattice parameter for the thin �lms showed some remarkable trends.

A rather surprising trend was the shifting dependency of the lattice param-
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eter on the terbium concentration. For the lower terbium concentrations,

the lattice parameter decreased, followed by a sudden increase around 1

cation% terbium. The slope of the curves decreased as the terbium concen-

tration increases, which indicated that the lattice parameter could reach a

limiting value. These trends are not easily understood, but it is clear that

there are several factors determining the lattice parameter of the crystal.

Under the preparation conditions described in Section 4.1.1, the terbium

is expected to be trivalent and to replace indium at its most symmetrical

positions, i.e. the 8b positions, due to similar lattice structures [63, 64] and

reduced Stark splitting in symmetrical positions [20]. The substitution of

trivalent indium with trivalent terbium is not expected to a�ect the concen-

tration of interstitial oxygens, so this would not a�ect the lattice parameter.

But trivalent terbium has a larger ionic radius, 0.923, than trivalent indium,

and a replacement of indium by terbium is expected to give an expansion of

the lattice parameter. The increase in the lattice parameter at the higher

terbium concentrations can be explained by this expansion. The decrease

of the lattice parameter at the lowest terbium concentrations it not under-

stood.

For the post-annealed thin �lms in air, we assume that that the terbium

ions have been oxidized to its fourvalent state, based upon the research by

Chatzichristodoulou [65] which showed that oxidation of terbium is promi-

nent at ambient oxygen pressures at 600◦C. For these thin �lms, the lattice

parameter increased continuously as the terbium content increased. We as-

sume that tin is not a�ected by the conditions in our experiments, and is

always fourvalent, but that terbium can be trivalent at inert conditions and

fourvalent above a certain oxygen partial pressure (around 10−5bar). Tb4+

is alot smaller that Tb3+, with a six-coordinated ionic radius of 0.76 Å [36],

which is smaller than the replaced In3+ ion. As the terbium content in-



6.1 E�ect of terbium on the ITO host 67

creases, more interstial oxygens will go into the structure to compensate the

extra positive charge from the terbium ion, which would expect to expand

the structure. This is called chemical expansion and is known for TCOs.

This is similar to the increase when doping indium oxide with tin. It is

di�cult to distinguish and explain these e�ects, but they have been veri�ed

by Sunde [49] where both ITO and In2O3 were doped with Eu3+, given

in Figure 3.13a in Section 3.2.1. These results indicated that the shifting

trend is not dependent on whether the lattice is doped with tin or not.

Another interesting trend is the lattice parameter's linear dependency

on the number of deposited layers. Opposite results by Kim et al. [39]

are not in compliance with our results. This mismatch could be due to

di�erence in expansion coe�cient between the glass substrates used in the

present research and by Kim et al. In the present work, the glass substrates

had an expansion coe�cient of 9.06 · 10−6/◦C [80] which is higher than the

expansion coe�cient of the thin �lm of 7.2 ·10−6/◦C [39]. Kim et al. used a

glass substrate with an expansion coe�cient of 4.6 · 10−6/◦C [39], which is

lower than that of the thin �lm. This creates opposite trends for the lattice

parameters when the thickness changes.

Lattice parameters for the ITO:Tb powders did not show the same clear

trend. The data seemed to follow the same trend as the thin �lms up to 2

cation% terbium and followed by an in�ection point where the lattice pa-

rameters dropped to approximately the initial value. Based on the XRD,

the powders seemed phase pure for all the compositions, but the data for

the lattice parameter might indicate that secondary phases could have been

formed for the nanocrystalline powders above 2 cation% terbium, but that

the amounts or the crystallite sizes of the secondary phase were too small

to be detected by the XRD measurements. The data showed some sim-

ilarities to those of Sunde [49], which also showed an in�ection point in
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the lattice parameter for the nanocrystalline powders when the rare earth

concentration was increased above 2 cation%. The same work also inferred

that precipitaion of secondary phases in the nanocrystalline powders was

the cause of the in�ection point.

6.1.2 Nanostructure and microstructure

The smooth and homogeneous surfaces of the thin �lms shown in Figure

5.4 in Section 5.1.2 showed that the sol-gel method and deposition technique

were appropriate for preparing the ITO:Tb thin �lms doped with terbium

up to 10 cation%. The nanoscale grain size had low distribution and was

nearly una�ected by the terbium concentration. Sunde et al. [10] implied

that the grain size of the thin �lms re�ected the thickness of each deposited

layer and that each deposited layer was similar to a monolayer of particler,

even after the �nal annealing step. The formation of sperical particles was

also in compliance with previous results by Sunde et al. [10].

The crystallite sizes for the thin �lms of 10 ± 1nm seem to be non-

dependent on the terbium concentration. For the powders, the average

crystallite size of 12±2nm was larger than that of the thin �lms, which could

be due to the higher calcination temperature of the powders compared to

that of the thin �lms. The values were more scattered, and is assumed to be

related to precipitation of secondary phases. Previous research has reported

that the crystallite size was fairly una�ected by rare earth doping [10, 62],

both for nanocrystalline powders and thin �lms. Replacing In3+ with the

isovalent Tb3+, one would expect no change in the charge atmosphere in

the lattice and hence the ionic mobility in the lattice is not a�ected either.

The grain sizes and the crystallite sizes are in the nanoscale and of same

order of magnitude, which stresses the nanosize of the prepared samples.
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6.1.3 Electrical conductivity

Electrical conductivity at ambient conditions

The research showed that the electrical conductivity of the ITO:Tb thin

�lms decreased when doping with terbium. The decrease was very small at

low terbium concentrations and increased with the terbium concentration.

Overall, the change was not detrimental to the electrical properties of ITO as

a transparent conducting oxide. The speci�c resistance for the as prepared

10 layer thin �lms at ambient temperatures given in Section 5.1.3, increased

from 5.1 · 10−3ohmcm for 0.5 cation% terbium to 5.2 · 10−2ohmcm for 10

cation% terbium, which is an increase of only one order of magnitude. These

values are within a reasonable distance from the resistivity values of ITO

found by Alam et al. [4].

To understand why the electrical conductivity is a�ected by implemen-

tation of terbium, we need to consider the two factors determining the

conductivity, namely the electrical mobility and the charge carrier concen-

tration. When prepared under the inert conditions described in Section

4.1, the terbium ions are expected to be trivalent and to crystallise as an

oxide as the cubic C-type bixbyite lattice structure with six-coordination

as described in Section 3.2.3. When trivalent terbium is incorporated into

the lattice of In2O3, it therefore does not provide an extra electron to the

conduction band and does not contribute to the number of charge carriers

in the material, as seen in Equation 20 in Section 3.2.3. Replacement of tin

with terbium will therefore reduce the number of charge carriers. The ter-

bium ions would also introduce impurity scattering, reducing the mobility

[59].

The indium oxide structure was already doped with 10 cation% tin,

approaching the solubility limit of tin in the lattice. Doping with terbium
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would increase the total amount of doping elements in the structure [4, 34]

and possibly enhance clustering of tin and/or terbium ions. This would

reduce both the electrical mobility, by impurity scattering, and the charge

carrier concentration, as the conduction electrons of tin would be localized.

Sunde [49] showed that the mobility seemed almost independent on dopant

concentration when doping ITO thin �lms with rare earths, indicating that

the dominating cause of reduced conductivity was reduced number of charge

carriers.

The sheet resistance for the as prepared 10 layer thin �lms decreased as a

function of the number of deposited layers, as expected. With larger cross-

section, the amount of mobile electrons is larger. Some of the decreased

sheet resistance could also be due to reduced restraints from the substrate

and higher homogeneity as the �lm thickness increases. This eases the

electron �ow and the conductivity increases.

Electrical conductivity during in-situ heating in air

The present work showed that heating the ITO thin �lms in air am-

bient up to 300◦C, caused an increase in conductivity up to a maximum

during heating followed by a decrease to a value lower than the initial. The

increased conductivity during the heating. During the heating, a shift in

the curvature could be observed for all the samples, which was most likely

due a �aw in the temperature measurements. After cooling to the initial

temperature, the conductivity decreased to a value below the initial.

There are many factors determining the conductivity of the samples

during the post-annealing. The �rst factor is the thermal exitation of elec-

trons from the valence band to the conduction band. This behaviour is

apparent in all semiconductors and is caused by higher electron energies. A

second factor to consider is the tin. As the samples are heated while sur-
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rounded by medium to high oxygen partial pressure, oxygen will penetrate

the structure. Oxygen interstitials will by themselves reduce the charge

carrier concentration and the mobility. Over a certain oxygen level, tin as-

sociates, or clusters, will form aswell. As described in Section 3.1.3, these

associates will localise the tin electrons and prevent tin from donating an

extra electron to the conduction band of In2O3. Thirdly, the terbium ions

will be a�ected by the increased oxygen pressures as well. The terbium ions

are expected to be trivalent at reducing conditions at room teemeperature.

But as the temperature is increased, the terbium ions can react with the

surrounding oxygen atmosphere and become oxidized to fourvalent. This

will mostly a�ect the charge carrier concentration, as oxygens will go into

the structure to compensate the extra positive charge, but also the mobility

is expected to decrease because of change in the charge atmosphere. This

reduces the carrier concentration and with it, the conductivity. The tin

ions could also be oxidized, forming tin-oxygen associates trapping their

conduction band electrons.

These oxidation e�ects result in a lower conductivity in the post-annealed

state compared to the as prepared state. The relative di�erence between

these states, taken at similar temperatures, is presented in Figure 6.1. As

the terbium concentration increased, the reduction increased as well, from

69 % for the undoped ITO thin �lm to 99 % for the 10cation % terbium

ITO thin �lm.

Both mobility and charge carrier conductivity will change when post-

annealing the thin �lms in air, but as a �rst approximation the mobility is

assumed constant when measured at the same temperature for both states.

This is a valid assumption based on the results by Sunde [49] showing

that the mobility seemed almost una�ected by the doping concentration.

The change in carrier concentration between the as prepared and the post-
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Figure 6.1: Di�erence in electrical conductivity between the as prepared (reduced)
thin �lms and the post-annealed (oxidized) thin �lms in air at 300◦C.

annealed state can then be calculated by the relation σ = neµe, where σ is

the electrical conductivity, n is the number of charge carriers (in this case

these are electrons), and µe is the mobility of the charge carriers. According

to Sunde [49] we assume a mobility value of 15 cm2/V s.

The reduction of charge carrier concentration is a result of both oxida-

tion of terbium ions and tin ions. These e�ects are di�cult to distinguish,

but considering the sample with no terbium, one can see how much the

conductivity is a�ected by the tin ions and oxygen interstitials alone. De-

spite of substituting terbium into the structure, the tin concentration stays

nearly unchanged; in fact it only changes by 1 cation% when doping with

10 cation% terbium. For simplicity, the tin concentration can therefore be

assumed constant throughout the series of samples of varying terbium con-

centration. The 79 % decrease in the conductivity for the 0 cation% sample
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can therefore be subtracted from the rest of the samples to be left with the

in�uence of terbium oxidation on the conductivity reduction.

The change in carrier concentrations in total and due to oxidation of ter-

bium along with the fraction of oxidized terbium ions to the initial amount

of terbium ions in the reduced state are collected in Table 6.1. The reduction

in conductivity increases in percentage with the terbium concentration, but

since the initial conductivity was lower for the thin �lms with high terbium

concentration compared to those with low terbium concentrations, the net

number of charge carriers for the high terbium concentration samples were

lower as well. The fraction of oxidized terbium ions seems to be decreas-

ing with the terbium concentration. The reduction in the total number of

charge carriers decreases with terbium concentration, which indicates that

the initial reduction in conductivity by the doping itself is equally important

as the post-oxidation on the reduced conductivity. The calculations can be

found in Appendix E.

Table 6.1: Change in carrier concentration between the as prepared and the post-
annealed state in total along with total concentration of terbium ions
for 10 layer thin �lms which have been heated in air up to 300 ◦C
and cooled to the initial temperature. The mobility is assumed to be
constant and equal to 15cm2/V s.

Total
Tb
conc.
[cat.%]

Rel. con-
ductivity
change
[%]

Change in
tot. no. of
charge
carriers
[cm−3]

Total
number
of Tb
ions
[cm−3]

Fraction
of Tb
ions

oxidized

0 69 4.3 · 1015 0 0
2 73 2.5 · 1015 6.2 · 1022 1.2 · 10−8

5 93 1.9 · 1015 1.5 · 1023 3.8 · 10−9

10 99 8.1 · 1014 3.1 · 1023 8.2 · 10−10
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A decrease in conductivity when doping with erbium was reported by

Kim et al. [59] who attributed the reduction to reduced number of charge

carriers due to the easy oxidization of Er3+ to Er4+. Although the mobility

most likely will decrease as the terbium concentration increases, mostly due

to impurity scattering [59], one assumes that the reduction in charge carriers

will a�ect the resistivity more. For each two Tb3+ that oxidizes to Tb4+,

one interstitial oxygen will go into the structure and the charge carrier

concentration will decrease.

6.1.4 Optical properties

Overall, the optical transmissions of the 10 layer thin �lms were high

enough to satisfy the requirements for a transparent conducting oxide and

are in good agreement with the transparencies found previously by other

reasearchers [3, 4, 44, 58]. The band absorption egde around 350 nm was

also in compliance with previous research, giving a high transmission in the

whole range of visible light. This indicates that terbium does not a�ect

the transparency signi�cantly even at as high dopant concentrations as 10

cation%. The absorption coe�cient for the thin �lms did not show a trend.

The scattering of the values is believed to be due to instrumental inaccuracy,

and any trends would therefore be overshaddowed of this scattering. The

measured optical bandgaps of the 10 layer thin �lms underpinned the good

optical transparencies, which all were in the range of 3.2-3.6 eV. The values

were in good proximity of the optical bandgap of ITO (∼3.70 eV [9, 57]),

which indicated that the optical properties were not e�ected by the terbium

ions. This underlines the results from the crystal structure analysis which

stated that there were negligible amounts of precipitations in the thin �lms.
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6.2 Observations during synthesis and sources of error

The good stability and homogeneity of the solutions can be asserted to

the solubility of the solids and proper choice of precursors and amounts.

The precipitations in the solutions probably consisted of tin oxide, which

formed both in the solid tin acetate before mixing and during the mixing of

the solution. This, of course, a�ected the tin concentration of each solution,

but we assume that the deviation is small enough not to compromise the

results.

The variation in color nuance between the nanocrystalline powders are

probably a result of variations in preparation conditions such as humidity,

grinding pressure, time, temperature and general errors, giving di�erent

grain sizes, distributions and degree of agglomeration.
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6.3 Outlook

No measurements of optical absorption or emission were performed dur-

ing this work. Thus, no conclusions about the luminescent properties of

terbium in ITO could be made. The optical transmission curves did not

show any sign of absorption lines or bands, which indicated that the ter-

bium ions could not be exited from the incident radiation. Absorption is the

�rst step in luminescence and is nessescary to obtain luminescence. Absorp-

tion by terbium can be deteriorated if the ITO host has too high phonon

energies or does not match the energy levels of the dopant. Thus, the bond-

ing energies of the host will interact with those of the dopant ion, and this

gives shorter lifetimes [66]. Sunde [49] showed that ITO powders doped

with Eu3+ showed strong emissions, while ITO powder doped with Tb3+

did not. No measurements were conducted on the thin �lms, so no conclu-

sions could be made whether or not the thin �lms would exhibit luminescent

properties.
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7 Conclusions

An environmentally friendly aqueous sol�gel process was successful in

preparing nanocrystalline thin �lms and powders of ITO doped with the

rare earth element terbium. The rare earth doping did not seem to signi�-

cantly a�ect the functional properties of the ITO host. The �lms prepared

by this simple and inexpensive technique had a high phase purity, while the

powders seemed to contain some amounts of secondary phases based on mea-

surements of crystallite size and lattice parameter. The speci�c resistance

for the thin �lm with 0.5 cation% terbium was measured to 5.1 · 10−3Ωcm

and the one for the thin �lm with 10 cation% terbium was measured to

5.2 · 10−2Ωcm, which is an increase of about ten times and thereby not

detrimental to the electrical properties of the TCO. Post-annealing of the

prepared thin �lms in air up to 300◦C showed a decrease in the conductiv-

ity, which became more prominent with the terbium concentration in the

thin �lms. This decrease was attributed to oxidation of terbium and tin

and thereby reduction of charge carrier concentration. The decrease in con-

ductivity as a result of the doping by itself seemed to be equally important

as the reduction caused by oxidation. The thin �lms showed good optical

transmission in the visible area with an absorption band edge around 350

nm and a maximum optical transmission of about 92 %, independently on

the terbium concentration. The SEM pictures of the surfaces of the ten

layer thin �lms showed smooth and homogeneous surfaces of spherical par-

ticles with relatively small grain size distribution. The mean grain size of

the 0.5 cation% Tb thin �lm was 23 ± 1 nm, and the grain size for the 10

cation% Tb thin �lm was 22± 1nm, indicating an independence of terbium

concentration on the grain size. The crystallite size also seemed to be inde-

pendent on terbium concentration. The lattice parameter for the thin �lms
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showed some interesting trends. A decrease in the lattice parameter was

observed for the lowest terbium concentrations followed by an increase with

the terbium concentration. The latter e�ect was attributed to the larger size

of Tb3+ compared to In3+. The lattice parameter also increased with the

number of deposited layers, probably due to strain between the substrate

and the thin �lm.

Absorption and emission properties of the materials were not studied,

and therefore no conclusions could be made about the luminescent proper-

ties of the ITO:Tb materials.
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1

A Preparation of ITO:Tb solutions

A.1 Stoichiometry of ITO:Tb solutions

Six solutions in total of indium tin oxide (ITO) doped with terbium were

prepared for modi�ed Pechini synthesis of nanocrystalline powder and de-

position of thin �lms by spin coating. The weighed amounts, percentage

in the solution and number of moles for the di�erent solutions are given in

Table A.1. The molar masses, purities and concentration of the indium(III)

nitrate precursor solution are given in Table A.2.
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Table A.1: The weighed amounts, percentage in the solution and number of moles
for the prepared ITO solutions.
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Table A.2: The molar masses, purities and concentration of the indium(III) ni-
trate precursor solution.

A.2 Standardisation of In(III)nitrate precursor solution

Indium(III) nitrate (In(NO3)3 · xH2O contains variable amounts of crys-

tal water. To be able to add the right amount of indium cations to the

ITO solution, one can prepare an aqueous indium(III) nitrate solution with

an approximate concentration and standardise this solution by evaporating

the water in the solution. During the preparation of the indium(III)nitrate

solution, we assumed that the solid contained about eight crystal water

groups. Three clean calcination pots were dried at 80°C. The empty pots

were weighed before approximately 30 g of solution was added to each pot

and weighed accurately. The weight of the solution, calculated as the dif-

ference between these two, was named msol. The pots were then heated up

to 600°C with both heating rate and cooling rate of 200°C/h, which gave a

chemical reaction that resulted in indium oxide (In2O3) powder, given by

Equation 13.

2In(NO3)3(aq) ∆−→ In2O3(s) + 3NO2(g) + xH2O(g) (13)
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The pots with dry indium oxide were weighed after the heating, and

the weight of the solid powder was named mdry. The concentration of the

aqueous indium(III)nitrate solution could then be calculated by the formula

given in Equation 14.

cIn(NO3)3 =
2mdry

MIn2O3 ·msol
(14)
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B An introduction to ellipsometry

This appendix is a summary of �Introduction to ellipsometry� by Wollam

Co. [77]. The technique of ellipsometry was developed in the 1960s to

measure nanoscale layers for microelectronics and is used today for basic

research in physical sciences, semiconductor and data storage solutions, �at

panel displays, communication, biosensors and optical coating industries,

all in which thin �lms play a central role. When light re�ects or transmits

from a material structure, a change in polarization of the light occurs. Ellip-

sometry measures this change and transfers the result into optical property

constants and values for the thickness of the material. The polarization

change is composed of two parameters, an amplitude ratio, Ψ, and a phase

di�erence, ∆. Ellipsometry can also be used to characterize composition,

crystallinity, roughness, doping concentration and other material properties

associated with a change in optical response.

Light and materials Light can be described as an electromagnetic wave

composed of an electric �eld and a magnetic �eld, orthogonal to each other

and to the propagation direction of the light. The electric �eld of a wave

can be described by its x- and y-component, and when light is composed of

many wave which all have completely random orientations and phases, the

light is considered unpolarized. In ellipsometry, however, elliptical polarized

light is used, in which the light consists of two orthogonal components with

arbitrary amplitude and phase. This is not the same as linearly polarized

light, where the components are both orthogonal and in phase, or circularly

polarized light, where the components are orthogonal and 90° out-of-phase

and equal in amplitude. All cases are illustrated in Figure B.1a, B.1b and

B.1c.



6 B AN INTRODUCTION TO ELLIPSOMETRY

(a) Linear (b) Circular (c) Elliptical

Figure B.1: Orthogonal waves combined to demonstrate polarization: (a) linear;
(b) circular; and (c) elliptical.

B.0.1 Interaction between light and materials

The complex refractive index:

The optical properties which determine how light interacts with a material,

can be described by the complex refractive index, ñ, consisting of the real

refractive index, n, and the extinction coe�cient, k, as described in Equation

15.

ñ = n+ ik (15)

The refractive index, n, describes the speed of light as it travels in a

material compared to the speed of light in vacuum, c, shown in Equation

16.

ν =
c

n
(16)

When light travels in a material, the speed decreases and the wave-

length shortens since the frequency remains constant. This is related to the

absorption coe�cient, α, according to Equation 17.

α =
4πk

λ
(17)
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Figure B.2: Wave travels from air into absorbing Film 1 and then transparent
Film 2. The phase velocity and wavelength change in each material
depending on index of refraction (Film 1: n=4, Film 2: n=2).

At the same time, the light loses energy according to Beer's law, shown

in Equation 18. The extinction coe�cient, k, therefore describes how quickly

the light vanishes in a material.

I(z) = I(0)e−iαz (18)

Figure B.2 illustrates the change of properties as the light travels through

layers of di�erent refractive indices.

Refraction and re�ection:

As the light hits the interface of the material, a portion of the light will

be re�ected, while the rest will be absorbed and refracted. The angle of

the incident ray and the re�ected wave will be equal, while the angle of

the refracted ray is given by Snell's law, given in Equation 19. An

illustration of the law is shown in Figure B.3.

n0sin(φ1) = n1sin(φ0) (19)
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Figure B.3: Light re�ects and refracts according to Snell's law.

Thin �lms and multilayer structures involve multiple interfaces, where

re�ection and transmission coe�cients occur at each interface between the

layers, described by Fresnel. The �lm phase thickness of each layer deter-

mines the overall re�ected and transmitted beam, and is de�ned by Equation

20.

β = 2π
t1
λ
n1cos(φ1) (20)

Re�ection of multiple light waves results in di�raction, illustrated in

Figure B.4.

B.0.2 Ellipsometry measurements

As already described, the two components of the polarized light change

phase and amplitude when interacting with a material. This change in po-
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Figure B.4: Light re�ects and refracts at each interface, which leads to multiple
beams in a thin �lm. Interference between beams depends on rela-
tive phase and amplitude of the electric �elds. Fresnel refection and
transmission coe�cients can be used to calculate the response from
each contributing beam.

larization, measured in ellipsometry, is given in Equation 21. An illustration

of an ellipsometry measurement is shown in Figure B.5.

ρ = tan(Ψ)ei∆ (21)

The primary tools for collecting ellipsometry data include the follow-

ing: light source, polarization generator, sample, polarization analyzer, and

detector. The polarization generator and analyzer are constructed of opti-

cal components that manipulate the polarization: polarizers, compensators,

and phase modulators. A light source produces white light which is then

polarized. The polarizer allows light of a preferred electric �eld orienta-

tion to pass. The linearly polarized light re�ects from the sample surface,

becomes elliptically polarized, and travels through a continuously rotating
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Figure B.5: Typical ellipsometry con�guration, where linearly polarized light is
re�ected from the sample surface and the polarization change is mea-
sured to determine the sample response.

polarizer (referred to as the analyzer). The amount of light allowed to pass

will depend on the polarizer orientation relative to the electric �eld �ellipse�

coming from the sample. The detector converts light to electronic signal to

determine the re�ected polarization. This information is compared to the

known input polarization to determine the polarization change caused by

the sample re�ection, given by the amplitude change, Ψ, and the phase

change, ∆.

B.0.3 Data analysis

When analyzing the ellipsometry measurements, a model is constructed

and a by regression method, the experimental data is �tted to this model by

varying the material properties, such as thickness, roughness and uniformity.

The thickness is determined from the interference between the re�ection

light from the top surface and the bottom surface of the �lm. The thicker

the �lm, the more di�cult it is to distinguish the constructive interference
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lines. The �lm also needs to be transmittant enough so that light can travel

through the �lm and back again.
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C Rietveld re�nement of crystal structure

Table C.1 shows some of the parameters used in the Rietveld re�nement

of the nanocrystalline ITO:Tb thin �lms, while Table C.2 shows the pa-

rameters for the associated powders. Figures B.1-B.23 show the Rietveld

re�nement �tting for all the samples. The re�nement was used to extract

information about the lattice parameter of the cubic crystal structure and

the crystallite size using the integral breadth approach (numbers are em-

phasized by the color green).

Table C.1: Rietveld re�nement parameters for the ITO:Tb thin �lms. The lattice
parameter and the crystallite size calculated by the volume averaged
column height by integral breadth (Lvol-IB) are emphasized by the
color green.
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Table C.2: Rietveld re�nement parameters for the ITO:Tb powders. The lattice
parameter and the crystallite size calculated by the volume averaged
column height by integral breadth (Lvol-IB) are emphasized by the
color green.
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Figure B.1: ITO:0cat%Tb:10 layer thin film 

 

Figure B.2: ITO:0.5cat%Tb:3 layer thin film 

 

Figure B.3: ITO:0.5cat%Tb:7 layer thin film 

 

Figure: B.4: ITO:0.5cat%Tb:10 layer thin film 
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Figure B.5: ITO:0.5cat%Tb:10 layer thin film, heat-treated in air 

 

 

Figure B.6: ITO:1cat%Tb:3 layer thin film 

 

Figure B.7: ITO:1cat%Tb:7 layer thin film 

 

Figure B.8: ITO:1cat%Tb:10 layer thin film 



16 
 

 

Figure B.9: ITO:1cat%Tb:10 layer thin film, heat-treated in air 

 

Figure B.10: ITO:2cat%Tb:10 layer thin film 

 

Figure B.11: ITO:5cat%Tb:3 layer thin film 

 

Figure B.12: ITO:5cat%Tb:7 layer thin film 
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Figure B.13: ITO:5cat%Tb:10 layer thin film 

 

Figure B.14: ITO:5cat%Tb:10 layer thin film, heat-treated in air 

 

Figure B.15: ITO:10cat%Tb:3 layer thin film 

 

Figure B.16: ITO:10cat%Tb:7 layer thin film 
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Figure B.17: ITO:10cat%Tb:10 layer thin film 

 

Figure B.18: ITO:10cat%Tb:10 layer thin film, heat-treated in air 

 

Figure B.19: ITO:0cat%Tb powder 

 

Figure B.20: ITO:0.5cat%Tb powder 
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Figure B.21: ITO:1cat%Tb powder 

 

Figure B.21: ITO:2cat%Tb powder 

 

Figure B.22: ITO:5cat%Tb powder 

 

Figure B.23: ITO:10cat%Tb powder 
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D Average grain size of the surface particles

The grain size on the surface was measured for two thin �lms. Utilising the

scanning electron microscopy images, a ruler was used to measure the length

of three adjacent particles at random positions on the surface. Dense areas

where particles were positioned in a line were preferred so that porosity

could be neglected and the whole diameter of the particles was measured.

Table D.1 shows the measurements and the calculations.

Table D.1: Calculation of the average grain size on the surface of two thin �lms.
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E Change in charge carrier concentration

Table E.1 shows the calculated values for the reduction in charge carriers,

amount of terbium ions in the samples and the fraction of oxidized terbium

ions.

Table E.1: Calculated change in number of charge carriers, number of terbium
ions in the sample and fraction of oxidized terbium ions.

The di�erence in conductivity and the reduction in charge carriers was

calculated by the formula in Equation 22 and 23.

change =
conductivity after − conductivity pre

conductivity pre
(22)

Reduction charge carriers =
reduction

eµe
(23)

Electrical mobility (µe): 15 cm2/V s, elementary charge (e): 1.60 ·
10−19C, Avogadro's number (NA): 6.022 · 10−23C, cations per unit cell:

32.


