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Abstract

n-type transparent conducting oxides (TCOs) have been studied extensively and are now
commercially available. The development of p-type counterparts lags someway behind,
despite the opportunity preparing such materials offers. Interest in tin oxide (Sn03) thin
films and their applications has grown significantly over recent years, particularly for the
preparation of p-type TCOs. However for this to be realised, limitations such as the
ionisation energy of acceptor defects and the existence of compensating mechanisms must

be overcome.

Even though the effectiveness of acceptor doping is essential, the presence of
compensating defects as the film growth environment changes is critical for stable p-type
TCOs. Here a growth study of Sn0O; deposited using pulsed laser deposition (PLD) reveals
intrinsic acceptor defects have limited contribution to the conductivity as theoretically
predicted. The conductivity remains n-type despite significant variation in the oxygen
content of the growth environment and temperature - which is attributed to the large

concentration of tin interstitial defects.

To limit donor defect concentration, elevated temperature and oxygen pressure were set
as the growth conditions with the introduction of Zn as an acceptor dopant. Here, the
introduction of Zn acceptors changes the behaviour of intrinsic defects such that measured
charge carrier concentrations increase by some 3-orders of magnitude compared with
undoped films, suggesting the presence of compensating mechanisms. n-type behaviour
persists, even after oxygen annealing, and film resistivity also increases. This is attributed

to the formation more acceptor defects that act as electron compensation centres.

Zn is reported to act not only as an acceptor in SnO; but also to enhance n-type
conductivity: here this behaviour is also confirmed. By studying the electrical, optical and
structural properties of Zn doped SnO,, films of surprisingly low resistivity (2.9 x10-3
Q.cm) were formed, which exhibited preferential (200) on Zn addition. An observed
decrease in bandgap was found when Zn doping was increased, from 3.6 eV in undoped
films down to 3.4 eV in crystalline films and 3.2 eV in amorphous films. The work is
concluded by investigating low deposition temperature where low resistivity highly

transparent films are formed at temperatures as low as 100 °C
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Introduction

Transparent conducting oxides (TCOs) have been widely investigated and are now
implemented in a variety of optoelectronic applications such as solar-cells, light-emitting
devices, flat panel displays and thin film transistors.[1-4] Tin oxide (SnOz) is one of the
most studied material for TCOs applications. SnO; is a wide band gap intrinsic n-type
semiconductor. Its electrical properties can be enhanced by introducing extrinsic dopants,
e.g. F or Sb, reaching resistivity down to 2-3 x10-4 0.cm.[5-7] Even though these n-type
TCOs, along with indium tin oxide (ITO) and aluminium zinc oxide (AZO), have been
developed to an industrial extent, the progress on p-type TCOs with competitive electrical

performances is still far behind.

Over the past years the interest in p-type conducting Sn0; has been. Unlike Cu-based p-
type metal oxides, high n-type conductivity has already been achieved in SnO,. Therefore,
the development of p-type conductivity within this material would constitute a leap
forward to the fabrication of p-n homo-junction for smart windows and UV-light-emitting
diodes, and fully transparent complementary metal-oxide semiconductor (CMOS) based

devices.[8-10]

However p-type doping of TCOs, in particular SnO, has been very controversial. While
several authors[11-14] reported successful p-type doping of SnO; Scanlon and
Watson[15] theoretically predicted efficient p-type conductivity cannot be achieved in
Sn0,. One of the key issues in the development of such material is the presence of
compensating defects. The intrinsic defects responsible for the n-type conductivity in SnO;
have raised interest since Kili¢ and Zunger’'s work on “Origins of coexistence of
conductivity and transparency in Sn0,”.[16] Further studies are essential as They would
contribute to the improvement of n-type conductivity and helps understand the
limitations of p-type conductivity development through compensation mechanisms. Even
though several models have been suggested, some controversy persists between the
different studies on the preferential formation of donor defects and their contribution to

the conductivity.

To the author’s knowledge, no experimental studies linking the theoretical predictions to
the environmental effects during the film deposition have been reported in undoped SnO..
Moreover, within the experimental work devoted to the p-type doping of Sn0O., there is a

little consideration towards the presence of compensating mechanisms. Despite the
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theoretical work done in the field no correlation has been carried out experimentally
between the growth environment and its impact on the doping efficiency and the
formation of compensating defects. These factors are considered essential when forcing a

change of conductivity within a material.

Among the existing cation acceptor dopant such as Zn, In, Ga or Al in Sn0O, Zn is the most
versatile. The introduction of Zn dopant in SnO> has been reported to improve the n-type
conductivity in certain conditions but also to show acceptor dopant behaviour as
well.[17,18] The impact of the growth environment on the SnO; system, undoped firstly
and then doped with Zn, will be investigated. This study will focus on the behaviour of
acceptor defects in environments supposedly favourable for their formation which will be
reflected on the electrical properties of the films. The pulsed laser deposition (PLD)
technique is the deposition method of choice for this type of study. Even though it is
inherently unsuitable for large-scale deposition, PLD represents an essential asset in the
understanding of thin film performances relating to their structure by allowing excellent

control over the growth environment.
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Chapter 1: Literature review

1. Fundamentals

1.1. Band theory and origin of semiconductors

In order to describe the characteristics of semiconductor (SC) materials and their band
structure, the Drude model and the free electron model are used in a first place and finally
the nearly free electron model is introduced to take into consideration the effect of the

periodic potential in the lattice.

1.1.1. The Drude model

The Drude model was proposed by Paul Drude in 1900 to explain electron transport
properties in a material.[19] Drude supposed the electrons move in straight lines and are
scattered through collisions of negligible duration. He assumed the electrons do not collide
between each other but with the positive ion cores (nuclei). Two terms are introduced; the
scattering time, T, which represents the average time between collisions and the mean free
path, I, which is the average distance travelled by electrons between collisions. Without an
electric field, the global velocity is around zero as the collisions induce random change of

directions as showed on Figure 1.1.a.
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Figure 1. 1: Electrons mean free path (in red arrows) described with the Drude model a) without electric field and
b) when an electric field is applied. The nuclei are represented in blue circles, v is the global velocity and E the

electric field.

However in the presence of an electric field, E, the electrons experience a force -eE and

their movement is more oriented in the opposite direction of the applied electric field.
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Therefore the velocity, v, is also in the opposite direction of E and the drift velocity v (the

average electrons velocity) can be expressed as,[19]

—eET

Equation 1.1 V=
m

Where m is the mass of the electron and e the charge of an electron. The current density, ],

is then described as,[19]

27E
Equation 1.2 ] =—nev = ne’t

With n the number of free electrons per unit volume acting as a charge carrier. Since the
electrical conductivity o is given by J=cE, and the mobility p is function of v they can be

expressed as,[19]

Equation 1.3 o=

1.1.2. The free electron model

Electrons can be described as particles with a momentum p and an energy E but according
to the wave-particle duality expressed by de Broglie they can also be treated as a wave
with a wavelength A and a frequency. From the de Broglie equivalence electrons are

assigned a wave-vector, k, function of the electron momentum p, [20]
. h
Equation 1.4 p= 1= hk and k==

Where h is the Plank constant and h the reduced Plank constant with h = h/2n. The
valence electrons can be then be treated as quantum mechanical waves using a wave
function s but the periodic potential of the crystal is ignored. The system treated is a one
dimensional “box” of free electrons of length L along the x axis. The potential inside the
box is zero and the temperature is at absolute zero. The Schrodinger equation and its

solution in this case are given in Equation 1.5.[21]

2 2 .
Equation 1.5 G Ey and 1 = k¥

2m dx?

The energy, E, can then be expressed as a function of k by replacing s by its solution in the

Schrodinger equation, [20,21]

h?k?
~ 2m

Equation 1.6
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Due to the periodic boundary condition (J(x=0) = ys(x=L)), k possible values are given by,
[21]

Equation 1.7 ekl =1 >k = Z%n

With n an integer. Therefore the allowed energy states for the electron are function of k2

and are positioned every k = 2nin/L as shown on Figure 1.2.

Figure 1. 2: Permitted energy (represented in blue circles) for the electrons function of k in reciprocal space for a

1 dimensional box of free electrons and of length L. Diagram inspired from [21].

According to Pauli’s exclusion principle, no two electrons with the same spin can occupy
the same quantum state simultaneously, therefore only two electrons are allowed for each

state.

The Drude model and the free electron model works well with metals but cannot describe
precisely other materials. Therefore the nearly-free electron model is introduced.
1.1.3. The nearly-free electron model

In a real crystal the electrons are not completely free and are affected by the periodicity of
the lattice. Because of the positive nuclei in the lattice, a periodic potential, U(x) (U(r) in

one dimension), which varies as 1/x near the nuclei is shown on Figure 1.3.
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Figure 1. 3: One dimension representation of the periodic potential of the lattice (represented in blue line) in a box
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of length L. The distance between each nuclei is a.

The Schrodinger equation is modified due to the presence of the periodic potential

function, U(x). [21]

2 42
Equation 1.8 — = (E—- U

Bloch showed that the solution of this type of equation can be written in the form: [21]
Equation 1.9 P = U(x)e

This is known as the Bloch function where U(x) is a periodic function with the periodicity
of the lattice in the x direction, as seen on Figure 1.3. The result of this solution is that for
certain wave-vectors, the electron waves will scatter from U(x) and interfere creating
energy gaps. These gaps occur at k = nm/a where a is the distance between two nuclei and
n an integer. Therefore the allowed energy for the electrons inside this one dimensional
box vary proportionally to k2 between the nuclei as for the free electron model but due to
the periodicity of the lattice forbidden energy appears at nm/a, as shown on Figure 1.4.

[21,22]
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Figure 1. 4: 111 - Permitted energy of the nearly free electrons in one dimension function of the wave-vector k. a
represents the distance between two nuclei. The allowed energy states are represented by light grey bands and

the Brillouin zones (BZ) are delimited by the black dotted lines.

The zone for which -n/a < k < m/a is defined as the first Brillouin zone (BZ) and contain
the first allowed energy levels. The Brillouin zone boundaries (BZB) show where the
energy gaps are positioned along the k axis. At the BZB, dE/dk = 0. The concept of bands of
allowed energies can then be introduced. Their representation is known as flat band
diagram, Figure 1.5.[21]
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Figure 1. 5: Diagram representing; a) the permitted energy of the nearly free electrons in one dimension function
of the wave-vector k around the first Brillouin zone boundary (BZB) in thick dark blue line, a being the distance
between two nuclei. b) The “flat band” diagram extracted from the nearly free electron model exhibiting the

forbidden energy gaps and the bands of allowed energy constituting the different Brillouin zones.
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1.1.4. Fermi level and electronic conductivity

By extending the model of the free electron to a three dimensional cubic box of size L
(volume V), the solution of the Schrodinger equation is in the form ¢ = eilkxxtkyy+izz)

which leads to an expression of the allowed energy levels similar to the one dimension
. A% k? .
solution E = - but now k? = k2+k,2+k,2. Therefore the equal value of E lies on the

surface of a sphere of radius k and volume V;,[21]

Equation 1.10 Ve = %nk3

The sphere constituted of free electrons of constant energy in a k-space is called the Fermi
sphere. The number of electrons filling the sphere can then be expressed as N(E), the

number of electronic states with an energy E or less, [21]

3
vol.of the sphere _ 'V (ZmE)E

Equation 1.11 N(E) =2« -

vol.per k state  3m2

The solution of the Schrodinger’s equation points a non-uniformity of the distribution of
the energy level in space, therefore the notion of density of states, D(E), is introduced. D(E)

represents the density of electronic states per unit energy,[21]

3

= 1
Equation 1.12 D(E) = Z_I;I = L(ZFL—T)Z E>

2m2
In this case D(E) is proportional to E1/2.

At T=0 K, the lowest energy states in the Fermi sphere are doubly filled; while at T>0 K,
most of the electronic states within the Fermi sphere remain occupied and some are
thermally promoted just above the Fermi surface. In order to consider the effect of the
temperature, the Fermi-Dirac distribution function, f(E), is introduced and gives the

occupation probability of an energy level,[21]

1 _ 1

Equation 1.13 f(E) = Xp(%)+l = eXp(Ek_BETF)H

Where p is the chemical potential of the system and kg the Boltzmann constant. At T = 0 K,
uw=Erand at T > 0 K, pu = Er. Thus p is substituted by Er in Equation 1.13. Finally the
occupation density of states Z(E) is defined as the product of the Fermi-Dirac distribution

function f(E), and the density of states D(E),[21]

Equation 1.14 Z(E) = D(E)f(E)

34



The highest occupation density of states occurs near the Fermi level. The total number of

valence electrons N is then extracted combining Equation 1.11 and 1.14,[21]
Equation 1.15 N = fOOOD(E)f(E)dE
This equation will be used later to show the position of the Fermi level in a semiconductor.

1.1.5. Semiconductors

From the nearly free electron model and depending on the energy levels filled by the

electrons in a material three main class can be observed as shown on Figure 1.6.

E [ ] Empty states
[ 1 Populatedstates
Large gap
Small gap
Insulator Metal Semiconductor

Figure 1. 6: Flat band diagram in the case of an insulator, a metal and a semiconductor function of the energy E.

The empty energy levels are represented in grey while the populated ones are in blue.

Insulator materials have a poor conductivity due to the band fully occupied and the large
band gap preventing the electrons from being excited to higher energy levels. Metals are
good conductors, since their band is partially filled, electrons can be easily excited to
higher energy levels by applying an electric field. Finally the semiconductor class of
materials display a moderate conductivity (at T > 0 K). Their occupied band is nearly full
and their small energy gap allows the thermal excitation of electrons across the gap. The
lower band constituted of mainly occupied states is called the Valence band (VB) and the
upper band constituted of mainly vacant states is called the Conduction band (CB). The
gap of energy separating the VB from the CB is called the band gap, Eg. The size of Eg is
determined by the lattice periodic potential U(r). When U(r) is small E; is small while a

large value of U(r) give a large band gap. [21]
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When a photon is incident on a semiconductor, it is absorbed by the material if the energy
of the photon is high enough to promote an electron of the valence band into the
conduction band (Ephoton 2 Eg). The electrical properties of a semiconductor are dominated
by the smallest band gap that at T = 0 K separates the highest occupied states at the
valence band maximum (VBM) from the lowest energy empty states at the conduction
band minimum (CBM). If energy transition between the VBM and the CBM involves no
variation of wave-vector k (they are at the same position in the k-space) the band gap is
called direct. However if the highest occupied states of the VB possess a different wave-
vector k than the lowest unoccupied stated of the CB, the transition must involve a phonon

to conserve momentum and the band gap is called indirect, as shown on Figure 1.7.[21,23]
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Figure 1. 7: Interband transitions in a semiconductor in the case of direct band gap and indirect band gap. The
vertical red arrow represents the energy given by an incident photon during the absorption process while the

wiggly arrow in the indirect band gap diagram represents the absorption or the emission of a phonon.

Due to the electron-ion interactions, the mass of the electrons is different from the mass of
the free electrons. Therefore the electron effective mass me is introduced as a variable to

explain the shape of the bands and can be expressed by deriving Equation 1.6, [21]

dZ
Equation 1.16 L =14

me  hZ dk?

m. is inversely related to the curvature of E(k) therefore the mass of electrons changes
with it. Electrons in band with strong curvature are light while electrons in bands with a
smaller curvature are heavier. The effective mass also affects the mobility of the electrons,
as seen in Equation 1.3, therefore a lower effective mass leads to a higher mobility and
thus a greater conductivity. With a lower effective mass, the charge carriers are also more

easily promoted to higher energy levels.
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In a semiconductor, two types of charge carriers are distinguished; the electrons which are
promoted from the top of the VB to the bottom of the CB and the holes which are absence
of electrons (vacant energy states) and that appear at or near the top of VB. The holes

respond like electrons but possess a positive charge and an effective mass mp.

By using Equation 1.15 and integrating the occupation density of states Z(E) in the case of

electrons and holes the carrier concentrations n and p respectively can be calculated,[21]

3
. _ mekBT)E (EF_EC)
Equation 1.17 n=2 ( onz ) €XP KT
3
. _ mthT)E (EV_EF)
Equation 1.18 p=2 (—2nh2 exp kel

The combination of n and p results in an equation for the Fermi energy level,

Equation 1.19 Ep = EvtEc | %kBTln (%)

2 e

At absolute zero, the Fermi energy level lies at the middle of the band gap. At finite
temperature (T > 0 K), Er deviates from the middle of the band gap, generally the mass of
the holes is greater than the mass of the electrons therefore the Fermi energy increases
with the temperature. However the deviation is generally very small and it is of common
approximation to state that the Fermi energy level of an intrinsic semiconductor lies

midway between the VB and the CB.

In an intrinsic semiconductor, in order to maintain charge neutrality, the charge carrier
concentration is given by n; = p = n. Therefore by multiplying Equation 1.17 and 1.18 we

obtain,[21]

3

. o (ksT )5 3 ( g)
Equation 1.20 n; =2 (Zn'hz (memp)+ exp T

The intrinsic carrier concentration depends on the size of the band gap and is also a
function of the temperature. Therefore the size of the band gap determines the amount of
free electrons that can be promoted to the conduction band at room temperature and

participate in the conductivity.

1.2. Defects in solids, nature, formation and consequences

Most metal oxide semiconductors such as ZnO, In,03 and Sn0O; possess a large band gap.
Therefore their intrinsic conductivity cannot be achieved only through the thermal

excitation of electron from the valence band. In an ideal ionic crystal, each atom is located
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at its regular lattice site and all sites are occupied. However in a real crystal lattice, the
structure deviates from the perfect atomic arrangement. This deviation from
stoichiometry has an impact on important properties in metal oxides such as the
electronic transport, the melting point and the optical properties. Various types of defect
can be found in the lattice, such as vacant lattice sites, interstitial atoms, impurity atoms,

dislocations and stacking fault.[24]

In the scope of this thesis the interest is brought upon the point defects in the lattice.
Those types of defect can either be intrinsic (in a pure material) or extrinsic (due to the
addition of impurity or dopant). Intrinsic point defects are deviations from the ideal
structure and emerge from the displacement or the removal of lattice atoms. Two
categories of point defects are distinguished; stoichiometric and non-stoichiometric
defects. Stoichiometric defects are defects which maintain the stoichiometry and do not
contribute to the electrical conductivity.[25] The most commons are the Schottky defects
which constitute of a vacant cation and a vacant anion (in the case of metal binoxide three
defects are considered, a vacant metal atom and two vacant oxygen atoms), and the
Frenkel pair defect where a cation and an anion atom are displaced from their regular
sites into interstitial sites. In the case of Schottky defects, the ions leave their lattice and
relocate at the crystal surface.[24] Non-stoichiometric defects are defects causing a change
in the stoichiometry of the material leading to the formation of charge carriers. Such
defects participate in the electrical conductivity and can be distinguished into three
classes: the vacancies representing a vacant atom, the interstials where an atom sits in an
interstitial site and the antisites which represents atom that substituted on the site of a

different atom. The various defects mentioned are shown on Figure 1.8.
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Figure 1. 8: Schematic representation of the point defects present in the non-stoichiometric metal oxide structure.

The metal atoms are represented by grey circles while the oxygen atoms are in red.
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Those type of defect are often described with Kroger-Vink notations.[26,27] The structure
of these notations is composed of three parts; the main body indicating if the defect is
either a vacancy (V) or an ion, the subscript indicating the site the defect occupies (either a

«:n
1

regular lattice site or an interstitial “i”) and the superscript which gives the effective
charge of the defect (o for a positive charge, / for a negative charge and x for a neutral

charge). In the case of Sn0O; the main types of defect found are:

- Vsyor Vo: tin or oxygen vacancy.
- Snjor O;: tin or oxygen interstitial.
- Snp or Osq: a tin atom on an oxygen site and an oxygen atom on a tin site, ie.

antisites.

The change in free energy of the crystal by the formation of 1 mole of a defect is given by

Equation 1.21.[28]
Equation 1.21 AGp = AHp — TAS

Where AGp is the free energy of a crystal by a defect formation, AHp the energy required to
form 1 mole of defect D and S the entropy of the system. As the distribution of the created
defects on the vailable sites Nsiws increases with the entropy S of the system, AGp reaches a

minimum at a defect concentration Np given by, [28]

AH
Equation 1.22 Np = Ngjres €XP (_ k_?)
B

Np represents the amount of defects per unit volume in thermal equilibrium and its

equation can also be written as,[29]

Ef
Equation 1.23 € = Nyjros €XP (_ ﬁ)
B

Where c is the concentration of defects in thermal equilibrium and Ef the formation energy
of the defect D. Equation 1.23 points out that the defect concentration is the highest for
those with the lowest formation energy. The formation energy is dependent on the Fermi
energy level and on the chemical potential (ie. partial pressure) of the species
concerned.[30] For example, the formation energy Ef of an oxygen vacancy (Vo) in SnO; in

charge q is given by,[29]
Equation 1.24 ET (Vo) = Epor (Vo) = Eror(Sn02) + 1o + q(Er + Eypy)

Where Ew(Vod) is the total energy of the supercell containing the Vo in charge q and

Ewt(SnO2) the total energy of a Sn0O; perfect crystal in the same supercell. Er is the Fermi
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energy level, Evgu the energy of the VBM and po the chemical potential of oxygen. The
formation energy of the defect depends on the relative abundance of element in the
environment; in this case the formation energy of an oxygen vacancy depends on the
amount of oxygen in the environment expressed through the chemical potential (po). Ef
also depends on the difference in charge between the defect and the lattice site it occupies.
The greater this difference, the higher the formation energy of the defect will be. The

charge of the defect is determined by the position of the Fermi energy level in the band

gap.[28]

When formed, non-stoichiometric intrinsic as well as extrinsic defects introduce carriers
into localised energy levels within the band gap and thus in this case are electrically active.
Therefore the energy required to promote an electron into the conduction band does not
depend solely on the band gap size but on the energy level of the defects created. Point
defects creating an energy level just below the CBM are considered donor defects due to
the fact that they will donate an electron to the conduction band. Semiconductors whose
main type of charge carrier is electrons and which possess a major concentration of
donor-type defects are called n-type semiconductors. Other defects will form an energy
level just above the valence band; those are considered acceptor defects because they will
accept the transfer of some electrons from the valence band and hence create vacancies. In
the case of semiconductor possessing mainly acceptor type defects and whose major
carriers are hole are called p-type semiconductors. The two concepts of donor and

acceptor energy levels are illustrated on Figure 1.9.[24]
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Figure 1. 9: Schematic representation of an energy diagram showing a) the creation of a donor energy level Ep
below the conduction band and b) the creation of an acceptor energy level Ea above the valence band. Electrons
are represented in blue filled circles and hole in empty circle. VBM and CBM are respectively the valence band

maximum and the conduction band minimum.
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The crucial energy required to excite an electron (respectively a hole) into the CB
(respectively VB) is now the energy difference between Ep (respectively E4) and the CBM
(respectively VBM) rather than the band gap. Therefore charge carriers are more easily
excited and the conductivity of the material is increased. Depending on the position of the

defect energy level, these excitations can even occur at room temperature.

These types of defect are often electrically active, however their charge is dependent on
the position of the Fermi level and on what is called the transition level of the defect
en(q/q). eo(q/q’) represents the Fermi energy level at which the formation energy of
charge state q and q’ for a defect are equal and is given by,

Ef(D%Ep=0)-Ef (DY ;Ep=0)
a-q’

Equation 1.25 ep(q/q) =

Where Ef(D9;Er=0) and Ef(D4;Er=0) are the formation energies of the defect D in charge q
and q’ respectively when Er is at the valence band maximum. The impact of this parameter
is that if Er is below ep(q/q’), the charge q is stable while if Er is above it the charge q’ is
stable, as shown on Figure 1.10.[29]
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Figure 1. 10: Schematic representation of the transition level ep(q/q’) of a defect D related to the position of the

Fermi energy level EF.

From this point two kinds of defects are distinguished; shallow level defects with a
transition level positioned such that it is likely to be thermally ionized at room
temperature (close to a band edge, either CBM or VBM), and deep level defects whose

transition level is such that it is unlikely to be ionized at room temperature.[29]
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2. The case of Sn0:

Tin oxide exists in many different forms such as Sn02, Sn0O and Sn304.[31] These different

phases are shown on the phase diagram of Sn-0 on Figure 1.11.
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Figure 1. 11: Sn-0 phase diagram at 1 atm extracted from Ref [32]

Out of these phases, Sn0O; and SnO are the most common forms. Their existence reflects
one of the key characteristics of tin which is its dual valency. Tin is both stable in its Sn(II)
or Sn(IV) oxidation state. Even though they differ only by a degree of oxidation in term of
stoichiometry, their properties are greatly changed. SnO- is an intrinsic n-type wide band
gap semiconductor while SnO have a smaller band gap (*2.6-3 eV) but is also a p-type
intrinsic semiconductor.[33] The other existing state Snz0. is formed of an intermediate
phase between SnO and SnO; where Sn is present both in Sn(II) and Sn(IV) states. Among

these phases, Sn0; is the most abundant of tin oxide.

2.1. General properties and structure

SnO0; is found in nature as a mineral called Cassiterite. SnO, possesses a rutile crystal
structure with a tetragonal unit cell of symmetry P4,/mnm and witha=b =4.737 Aand c
= 3.186 A.[33] Each tin atom is surrounded by six oxygen atoms while the oxygen atoms
are three-fold coordinated as shown on Figure 1.12.a. Other metal oxides possess a similar

structure such as TiO2, PbO,, VO; and Ru02.[33]
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Figure 1. 12: a) Schematic of SnOz rutile structure where a = 4.737 A and ¢ = 3.186 A. b) Band structure of Sn0:
taken from ref[34].

Sn0; is a n-type intrinsic semiconductor with a direct band gap of 3.6 eV, hence is
transparent in the visible spectral region. Its larger band gap compared to SnO arises from
the shorter Sn-0 bonds formed (2.07 A in Sn0O; and 2.23 A in Sn0)[33] due to Sn** being
more electronegative than Sn?*. In Sn0O,, the valence band maximum (VBM) is mostly
constituted of O 2p states while its conduction band minimum (CBM) is formed of Sn 5s
states. The band structure of Sn0; is shown on Figure 1.12.b with direct band gap at the I'
point. The strong dispersion of the s-like conduction band induces light effective electron
mass for charge carrier transport and thus a high mobility of the electrons.[35] Undoped
Sn0; exhibit resistivity of 10-3-10-2 Q.cm with charge carrier (electron) concentration
about 1019-102° cm-3 and mobility around 5-30 cm?2/V.s).[36] These electrical properties
can be enhanced through the use of extrinsic dopants (Sb or F). The combination of both
high electrical conductivity and optical transparency in SnO, makes it a good candidate for
a wide range of applications such as; conducting electrodes, transparent transistors,
photovoltaics, sensors, LEDs and smart windows.[1,36-41] In its stoichiometric form SnO;
is an insulator, thus its conductivity arises due to non-stoichiometry. The origins of its
conductivity are still a matter of extensive debate and discussed in the next section. Sn0;
can also be doped with various elements to improve its functional properties such as Sb or

F to enhance its conductivity[42], and Ag or Pd to improve its gas sensitivity[41,43].
2.2. Origin of conductivity in Sn0O2

2.2.1. Intrinsic defects

As mentioned in section 1.2, two types of defect are distinguished; donor type defects
which introduce energy levels close or in to the CB and give electron to the system, and

acceptor type defects which form energy levels close or in the VB and accept electron from
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the system (they produce holes). Since SnO; is an intrinsic n-type semiconductor, the
major defects are donor type defects. The possible defects in SnO are oxygen vacancies
(Vo), tin interstitials (Sn;), tin vacancies (Vsa), oxygen interstitials (0;), tin antisite (Sno)
and oxygen antisite (Osn). The latest two (Sno and Os,) are not considered since their
formation energy is too high and thus have a low contribution to the non-
stoichiometry.[16] The formation of the common four defects present in SnO; can be
described using Kroger-Vink notations. The following equations represent the formation

of the defects in their fully ionised state.[25]
Equation 1.26 05 - Vo +2e/ +20,

The formation of an oxygen vacancy in Equation 1.26 gives two extra electrons to the

system while a tin interstitial gives four extra electrons,
Equation 1.27 V¥ +Sng, - Sn; + 4e/

Since both defects induce the formation of electrons they are donor type defects. On the

contrary, tin vacancies accept electron from the system and therefore produce four holes,
; x 111/ °
Equation 1.28 Sng, = Vg, +4h +5n
Similarly the oxygen interstitials generate two extra holes,
Equation 1.29 VX +20, -0/ +2h°
2 l
Therefore tin vacancies and oxygen interstitials are considered acceptor-type defects.

As explained in section 1.2, the formation energy of these point defects is function of the
Fermi energy level Er and the chemical potential p (representative of the environmental
conditions). When doing theoretical calculations, two environmental limits are generally
analysed; Sn-rich/O-poor conditions when the oxygen chemical potential reach the limit
for the decomposition of SnO; into SnO (po = -3 eV), and Sn-poor/O-rich limits when the
oxygen chemical potential reaches Lo = 0 eV. Since the oxygen chemical potential is linked
to the oxygen partial pressure, these limits represent the two extreme experimental
conditions in the preparation of SnO; thin films. In order to understand the origin of n-
type conductivity in Sn0; and the impact of each point defect, three parts are involved; i)
the case of donor-type defects, ii) the case of acceptor-type defects and iii) summary of the

main defects presents.
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The formation energy of the different defects is generally displayed in the form a diagram

function of the Fermi energy level as shown on Figure 1.13 below.

a) Sn-Rich / O-Poor b) Sn-Poor / O-Rich
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Figure 1. 13: Formation energies of the different point defect present in SnO: function of the Fermi energy level
under a) Sn-rich/0O-poor environment and b) Sn-poor/O-rich environment. The origin for the Fermi level is taken
at the VBM and the grey band corresponds to the CB. The black dots represent the transition energy levels €(q/q’)
of the defects where q is the charge of the defect when Er is below it and q’ the charge of the defect when EF is

above. O;ab represents the dumbbell oxygen defect (explained below). Diagram taken from [44].

No clear plot of the formation energy has been established yet as it varies with the
calculation methods employed by the different teams of researchers. Therefore the
representation of the defect formation energies function of the Fermi level varies from an
author to another but in order to have a visual representation of the relative positions of

the defect formation energy I chose to use the diagram made by Péter Agoston.[44]

2.2.1.1.  Donor-type defects

Under Sn-rich/0-poor conditions, Kili¢ and Zunger[16] calculated the formation energy of
oxygen vacancies to be higher than tin interstitials when the Fermi level is close to the
CBM (which is the case in n-type semiconductors). They found that Sn; produce a shallow
donor level, with its lowest transition level at €(Sn;)(4+/3+) = Ecem + 203 meV. This put the
defect state directly in the conduction band, thus when formed Sn; are instantly ionised
and participate to the conductivity. This is thought to be due to the outer electrons of the
tin which are weakly bound to the nuclei. They also calculated that Vo possess a donor
level just below the CBM with its transition level at €(Vo)(2+/0) = Ecem — 114 meV.
Therefore oxygen vacancies would only be ionized when the Fermi energy level lies below

this transition level. This is in agreement with what Samson and Fonstad previously

45



observed experimentally.[45] They measured the first ionisation state to lie 30 meV below
the CBM and a second state 150 meV below the CBM corresponding to the second
ionisation level. When the Fermi level is close to the VBM (case of a p-type SC), both Sn;
and Vo possess negative formation energies which means they would form spontaneously.
With the Fermi level in the middle of the band gap, which is the case for pure intrinsic SC,
they estimated Sn; to have a negative formation energy while Vo have a positive formation
energy. This would lead to an easier formation of tin interstitials and thus the abundance
of Sn; in the system. While Kili¢ and Zunger[16] established tin interstitials as the main
source of n-type charge carrier in Sn0, their argument was discussed by Singh et al.[46].
In their calculations, Singh et al. concluded that the Vo and Sn; are not responsible for the
n-type conductivity in SnO;. They calculated Sn; formation energy was too high which
would lead to a concentration of Sn; negligible under equilibrium conditions and that
despite the lower formation energy of Vo, its lower charge transition level makes it
unlikely to contribute to the conductivity. Instead they introduced hydrogen impurities as
a cause of n-type conductivity in Sn0O,, but this part is later discussed in section 2.2.2.
Godinho et al.[25] studied the structural impact of the defect in SnO,. They found that
oxygen vacancies are the main cause of non-stoichiometry due to the multi-valence of the
tin with possible reduction of some Sn(IV) ions to Sn(II) as charge compensation
mechanism. The presence of Sn(II) states in Sn0O; has been previously reported.[47,48]
Péter Agoston[44] showed similarly that Vo possesses the lowest formation energy in
these environmental conditions and thus would be the dominant defect compared to Sn;

which possesses a higher formation energy.

Under Sn-poor/O-rich conditions, the formation energy of donor type defects are
increased as the environment is less favourable to their formation. However Vo remains
one of the defect with the lowest formation energy as observed in figure 1.11.[44] When
the Fermi level is close to the VBM (p-type conditions), the formation energy of Vo and Sn;
are the lowest ones and can reach a negative formation energy. This means these defects
are very likely to form spontaneously under oxygen rich conditions when the Fermi level

moves towards the valence band.

When either a Sn; or an Vo is formed in SnO, the lattice may undergo some change in term
of dimension considering the strain caused by these defects. In the case of the oxygen
vacancy, the differences in lattice relaxation behaviour have been found to be dependent
on the Vo charge state. [46] When V) is in neutral state (Vo0), Singh et al.[46] estimated a
relaxation inward by 2.5 % of the three tin atoms surrounding the vacancy, which induces

a compression of the lattice. However when in its doubly charged state (Vo2+), the three
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nearest tin atoms have been found to relax outward by 10 % which induces an extension
of the lattice. A similar displacement was estimated by Godinho et al[25] and the
repulsion of the neighbouring tin atoms around the oxygen vacancy is thought to be due to
Coulombic repulsion. In the case of Sn;, in its neutral state a large displacement of the
lattice is observed due to its covalent radius (1.40 A).[16] In its 4+ state, due to the
important charge of the interstitial, considerable electrostatic size effects exists.[44] In
TiO; the four closest oxygen atom closest to the Ti; relax away from the interstitial by 0.24
A.[49] Since TiO; possess a rutile structure similar to SnO; it seems rational to relate the
titanium interstitial size effect to Sni. Therefore regarding its charge Sn; would cause an

extension of the lattice size in SnO,.

2.2.1.2.  Acceptor-type defects

Compared to the determination of donor-type main defects in SnO; less controversy have
appeared in the literature concerning the acceptor defects as the authors seem to agree on
their behaviour. Since Sn0: is an intrinsic n-type semiconductor the main defects cannot
be acceptor type defects. It can be observed on Figure 1.11 that Vs, and O; clearly possess

higher formation energy in Sn-rich/O-poor conditions.

However the case of n-type conductivity is less obvious in Sn-poor/O-rich environment.
Regarding the tin vacancies, their formation energy decreases in this environment but
remains higher than the oxygen interstitials formation energy.[25] Godinho et al
assimilated the high formation energy of Vs, to the high energy required to remove an
electron from an oxygen 2p state due to the high electronegativity of the oxygen. Even
though they can be present as a minority, they cannot be responsible for the non-
stoichiometry in Sn0,.[44] In the case of the oxygen interstitials, their formation energy is
greatly lowered in oxygen-rich conditions, even below that of Vo which would make them
the dominant defect. However the incorporation of the doubly charged oxygen in an
interstitial site results in a large outward relaxation of the neighbouring oxygen
atoms.[50] In order to release the stress caused by the O, the elastic strain can be
decreased by releasing two electrons and forming what is called a neutral oxygen
dumbbell on a regular lattice site. This phenomena has also been explained by Godinho et
al.[25], and Scanlon and Watson[15]; instead of the expected 02 interstitial (0i%), the
oxygen atom relaxes towards an oxygen from the lattice to displace it and form a peroxide
species (02%). The similar effect was observed in ZnO as well.[51] The dumbbell oxygen

defect formation can be written as follow,[44]
Equation 1.30 0!/ + 08 - (0,)4 + 2¢/
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The ionisation level of this defect lies too deep in the conduction band to be active as an
acceptor defect and be considered as part of the conductivity.[15,25] As a consequence of

the poor formation of Vs, and 0;, Vo will be the dominant defect in these conditions.

2.2.1.3. Summary

Considering all the possible point defects in SnO; the donor-type defects have been found
to be the main defects in Sn0; due to their lower formation energy. This is not surprising
as Sn0; is intrinsically a n-type semiconductor. Even under oxygen-rich condition, the
acceptor defects are not stable in the structure. Despite what has been found by Kili¢ and
Zunger[16], Sn; is not the defect responsible for most of the n-type conductivity, since Vo
has been shown to have a lower formation energy.[15,25,44] Despite being contradicted
by Singh et al.[52], the conductivity is likely to be linked to the existence of shallow donor

levels near the CB and formed by oxygen vacancies.[45,53-55]

2.2.2. Hydrogen impurities

Although not intrinsic to SnO;, hydrogen is often present in the various growth
environment and is particularly hard to remove from it.[46] In 1973, Samson and
Fonstad[45] observed a rapid increase of the carrier concentration in SnO; thin films
exposed to H, atmosphere. This lead them to assume the existence of a new donor level
created by the hydrogen species which increases the conductivity. In 2000, Van de
Walle[56] demonstrated theoretically that hydrogen acts as a shallow donor and occupies
an interstitial site in ZnO as H;* and this was confirmed experimentally by Hofmann et
al.[57] in 2002. Kili¢ and Zunger[58] generalized the study to wide band gap oxide and
especially the case of SnO, and Mg0O. They admit the existence of a “hydrogen pinning
level” lying around 3 eV below the vacuum level and estimated that material whose CBM
lies below this level are likely to be donor-doped through the incorporation of hydrogen in
the lattice. In the case of SnO; the hydrogen pinning level lies in the CB, therefore the
defect created by hydrogen incorporation is constantly ionized and H donates electron to
the system. The effect of hydrogen as an impurity in SnO; were also studied by Singh et
al.[46] where they believed the conductivity in SnO; to be caused by hydrogen and not Sn;
or Vo intrinsic point defects. They found H; to be a shallow donor with a ionization level
lying in the CB. However the formation energy of H; do not take the oxygen partial
pressure in consideration and the conductivity of SnO; have been known to decrease when
the environment becomes oxygen-rich. Singh et al. explained the oxygen dependence with
the presence of substitutional hydrogen on the oxygen site (Ho*). Ho acts as a shallow

donor with a formation energy only slightly higher than Hi.
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Hydrogen donor impurities (Hi* and Ho*) have often been responsible for a part of the n-
type conductivity in SnO; due to their low formation energy defects and their shallow
donor behaviour.[15,46,58] However their incorporation is difficult to control in the
growth process and they are particularly hard to detect. Thus the control that can be
brought through the growth conditions is mainly used to influence the formation intrinsic

point defect such as Snj, Vo, Vsy and O; in SnOs.

2.2.3. Extrinsic defects

Even though the type of conductivity of a semiconductor is determined by its intrinsic
defects behaviour, it can be either enhanced or modified through extrinsic doping. In the
case of n-type (respectively p-type) transparent conducting oxides (TCOs) the aim is to
increase the concentration of charge carriers in the system by doping with higher
(respectively lower) valency elements. Since Sn0; is intrinsically n-type, extrinsic doping
using donor impurities is easier than with acceptors. The most common n-type dopants
for Sn0; are Sb5* which substitute on Sn#* site and F- on 0% site.[59] When Sb5+ substitutes
on Sn** site, four electrons are used in the bonding and an extra electron remain loosely
bound to the dopant. This electron can be easily ionised and participate to the conductivity
under an applied electric field. With these types of doping resistivity in the range of 10-4
Q.cm can be achieved with charge carrier concentration in the order of 102! ¢cm-3 and
mobility between 1-20 cm?/(V.s)[5-7,60,61] Other n-type dopants such as Mo[62], Ta[63]
and Cl[64] are used but they are not as efficient as F or Sb. When selecting a dopant, the
ionic radii has to be considered, it should be close to the ionic radii of the host atom to
minimize lattice distortion and preserve the transport properties.[59] Another important
parameter is the oxidation state of the dopant. While the inclusion Sb5+ on Sn#+ induce the

formation of a free electron, Sb3+ results in the formation of an acceptor state (a hole).

Therefore another category of dopants, known as acceptor dopants, induce the formation
of holes in SnO,. Since SnO; is intrinsically n-type, to change its type of conductivity would
mean to neutralise the existing electrons and induce holes via extrinsic doping. As
mentioned previously, intrinsic defects such as Vs, or O; cannot be dominant in SnO, which
makes the fabrication of p-type SnO; thin films difficult. However it has been shown that
extrinsic dopants such as Li[65], Al[13], Ga[11], In[14], N[66], Sb[67] and Zn[68] could be
used to induce p-type conductivity through the formation of acceptor-like states in SnO..
Even though the conductivities achieved are not comparable to F- or Sb-doped SnO; films,
the progress made in this field is important. The achievement of p-type SnO; could be a

milestone in the field of transparent electronic. The progress achieved and the possibility
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of such type of doping is more developed in section 2.4 of this chapter and later in chapter

4 (specifically on Zn-doped SnQOy).

2.2.4. Limitation mechanisms

The conductivity of a material is a product of the concentration of free charge carriers (n)

and the carrier mobility (), as shown in Equation 1.31,
Equation 1.31 g =enu

Generally, not only one type of charge carrier is present in a semiconductor, therefore its
conductivity depends on the concentration and the mobility of both type of carriers, this is

taken into account by,
Equation 1.32 0 = enyy, + epy

Where n and p are the concentrations of electron and holes respectively, and p, and p,
their respective mobilities. The previous sections were focused on the charge carriers
present in SnO; through intrinsic defects and/or extrinsic dopants. In this part the factors
affecting the mobility of the charge carrier are discussed. To simplify the study, the
mobility of only one type of charge (electrons) is studied as the limitation mechanisms are

the same for both type of charge carriers.

As described by the Drude model in section 1.1.1, the electron mobility p, correspond to
the speed at which electrons can travel through the system under an applied electric field.
Therefore . is expressed as the ratio between the drift speed |v| and the electric field E,
and is given in m2/(V.s). W, is then driven by the effective mass me" of the electrons and the

mean free time between scattering t, as taken from Equation 1.1.

. |v| et
Equation 1.33 ==
q Hn =% e

[t was previously mentioned that the effective mass of the charge carriers is related to the
curvature of the band (CB for electrons and VB for holes). One of the reason SnO; is a good
n-type semiconductor is because of the dispersive nature of its CB which result in low
electron effective mass, while its VB is flat and lead to high hole effective mass.[35] In
transparent conductive oxides (TCOs) the mobility of the charge carriers is limited by
different scattering mechanism such as, ionized impurity scattering, lattice scattering and

grain boundary scattering.[69]
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If the scattering mechanisms occur independently, the Matthienssen rule can be applied
and the overall mobility (i) can expressed as a function of the mobilities resulting from
the different scatterings (i for ionized impurities, p. for lattice scattering and pg, for grain

boundaries),[70]

-1
Equation 1.34 U= [ﬂi T #i + #i
ii L gb

2.2.4.1.  Ionized impurity scattering

TCOs contain a large amount of defects either intrinsic or from dopants which are usually
ionised. These ionised impurities generally act as strong scattering centres for the mobile
charge carriers. The path of a passing electron is deflected when passing by a ionised
impurity, either through a repulsive (negatively charged impurity) or an attractive
(positively charged impurity) interaction. This type of scattering becomes predominant in
degenerate semiconductors due to the large amount of ionised impurities (carrier
concentration > 101 cm3)[71,72] For degenerate SC, the mobility of the charge carriers
when scattered by ionised impurities (i) does not depend on temperature but is function
of the material constants such as its dielectric constant € and the electron effective mass
m.", and is inversely proportional to the concentration of ionised scattering centres and
their charge. In the case of non-degenerate SC, the factors affecting the mobility are the

same except for a contribution from the temperature.[73]

Overall, p; decreases when the amount of ionised impurities increases which is consistent
with more scattering centres being formed. This scattering mechanism is dominant at high

concentration of charge carrier (common in TCOs).[74]

2.2.4.2.  Lattice vibration scattering

Lattice vibration scattering arises from the atoms vibrating due to thermal motion. The
vibration of the atoms gives rise to acoustic or optical phonons which acts as scattering
centres for electrons. The scattering effect from the acoustic and the optical phonons can
be grouped as lattice vibration scattering. Therefore the mobility resulting from the lattice
vibration scattering (l.) is inversely proportional to the temperature T. As T increase the
atoms vibrate more and the scattering from the resulting phonons increase, thus a
decrease of the mobility. However when at low temperature this type of scattering is

insignificant compared to others such as impurity scattering.[69,73]
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2.2.4.3.  Grain boundary scattering in polycrystalline TCOs

Polycrystalline TCOs are formed of crystallites of different growth orientation joined by
grain boundaries. The grain boundaries constitute crystallographically disturbed regions
and contain lattice defect trapping states. These defect trapping states are filled by the
charge carriers in the grain and balance the charge. This leads to the formation of a
depletion region and the creation of a potential barrier which decrease the carrier
mobility between the crystallites.[69,75] The carrier transport across grain boundaries
has been described by Seto[76] where he created a simple model to describe the mobility
affected by the grain boundaries (pg),[75]

Equation 1.35 Ugp = Ho€XDP (— %)
B

Where E, is the height of the energetic barrier and po the mobility inside the grain

expressed as,[75]

eL

Equation 1.36 Uy = ——
J2mrm*kgT

Where L is the grain size and e the charge of an electron. The height of the barrier is
function of the size of the depleted region (x4) and the carrier concentration N as shown in

Equation 1.37.[75]

. e’N 2
Equation 1.37 E, = e Xd

At low carrier concentration, the depletion region extends to a distance xq = L/2 on each
side of the grain leading to a complete depletion of the grain. The potential barrier

becomes,[75]

ZNLZ
Equation 1.38 E, = £ oe

This means the potential barrier increases with increasing carrier concentration.
However, the barrier height increases only until all the traps are filled and the maximum
height barrier corresponds to the point where the carrier where N = N/L, where N; is the
charge trap density at the grain boundary. This maximum of Ey corresponds to a minimum
of mobility g based on Equation 1.35. Further increase in the carrier concentration leads
to added carriers which are not trapped and decrease the height of the barrier. The width
of the depletion region decreases to x4 = Ni/2N which induces a consequent change in the

barrier height,[75]
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ZN 2
Equation 1.39 E, = 6881;

Once the trap states are filled, the potential barrier decreases which lead to an increase in
the mobility. Grain boundary scattering is a dominant scattering mechanism for films with
low carrier concentration (< 5 x10-18 cm-3) and relatively small grain size when compared
to the mean free path of free electrons which is only a few nm.[69] However when
considering TCOs with high carrier concentration and good quality crystallites grain
boundary scattering has a much smaller contribution on the mobility compared to other

scattering mechanisms.

2.3. Applications
2.3.1. Transparent conducting oxides (TCOs)

Transparent conducting oxides (TCOs) are metal oxides which exhibit both high electrical
conductivity and high optical transparency. They are used extensively, mainly as
transparent electrode, in solar cells, flat panel displays, organic light-emitting diodes
(OLEDs), low-emissivity windows and oven windows.[36-40] Thin films suitable for TCO
applications are expected to exhibit a resistivity < 10-3 Q.cm and a transparency in the
visible region greater than 80 %. Generally the films fulfilling these conditions are
degenerated semiconductors with high carrier concentration (above 102° cm-3) and band
gap above 3 eV to avoid any absorption in the visible region. The first TCO growth was
reported in 1907 by Badeker with conductive thin films of CdO. Then first report on the
most used TCO, Indium Tin Oxide (ITO), was carried by Rupperecht in 1954, followed by
others such as Sn0; and Zn0.[30,77] ITO films are composed of In,03; doped with about 10
at.% Sn and generally exhibit resistivity in the order of 104 Q.cm with high optical
transparency (80-95 %).[78] In the past 20 years, little progress has been made on the
improvement of ITO electrical conductivity and the reason is ITO is not suitable for the
expanding optoelectronic market owing to its cost and scarcity.[60] As a replacement, the
interest has been brought on binary oxides such as ZnO and SnO, and other ternary or
multicomponent oxides such as Cd2Sn04, CdSnO3 and Zn,Sn04.[2,36,60] ZnO and SnO; are
the best candidates since the application of Cd based compounds are limited due to Cd
toxicity and others do not reach the resistivity attained by ZnO or Sn0O, compounds.[60]
The most comment dopants for these metal oxides are Al:ZnO (AZO), F:Sn0O; (FTO) and
Sb:Sn0; (ATO). Although AZO films possess slightly better electrical performances with
resistivity of 8.5 x10-5 0.cm[42], ATO and FTO films resistivity approach ITO performances
with resistivity around 2-3 x104 Q.cm. ATO and FTO films seem to exhibit similar

properties with carrier concentrations about 1-2 x102! cm-3, however FTO show slightly
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larger mobility (20 cm?/(V.s)) compared to ATO (10 cm?/(V.s)).[5-7] FTO films are

already used as electrodes in devices such as solar cells to replace the IT0.[79,80]

Whilst most of the TCOs developed are crystalline, amorphous TCOs have a potential use
for flat panel displays or solar cells on flexible substrates. The inconvenience with
crystalline TCOs is often their high deposition temperature required (300-400 °C).[74]
However amorphous thin films can be obtained at temperature below 150 °C (which is
often the temperature limit for flexible substrates) while maintaining a high mobility. This
is due to ns orbitals of metal ions constituting the CB of most metal oxides (ZnO, Sn0)
which form transport path for mobile carriers even in amorphous state where the
disorder is higher.[77] Amorphous TCOs such as AgSb0s, Cd2GeO4 and Cd2PbO4 showed
high electron mobility of 10 c¢m?/(V.s) which is large compared to a-Si:H (< 1
cmz?/(V.s).[81,82]

Another field of applications yet to be explored concern the TCO based devices. With the
development of p-type TCO with electrical and optical properties on pair with their n-type
counterpart, new devices could be developed such as UV-light emitting diodes (LEDs),
transparent thin film transistors or functional windows which transmit visible light and
generate electricity through the absorption of UV photons.[30,77] The first (UV)-LED was
fabricated in 2000 and was based on a p-n heterojunction made of p-SrCu;0; and n-
Zn0.[83] However even though a lot of work has been carried on n-type TCOs, the
development of their p-type counterpart is still recent and needs to be improved. The aim
is brought on the development of semiconductor which could support either n- or p-type
doping function of the dopant used in order to be used as p-n homojunction. Therefore
two methods have been developed: the research for new p-type metal oxides which could
be n-doped and the introduction of p-type conductivity in already developed n-type TCOs

such as Sn0; and ZnO. This matter is more detailed in section 2.4 of this chapter.

2.3.2. Gas sensors

Gas sensors are devices recording the changes in environment through the use of a
material whose properties depend on the ambient gas. In such devices, the variations in
electrical conductivity are recorded to analyse the environmental changes. The most
common materials for gas sensing applications are ZnO and SnO>. These systems are based
on the surface conductivity of these materials. When a molecule adsorbs at the surface of
Sn0y, electrons can be transferred if the Fermi level lies below its lowest lying unoccupied
orbitals. The resulting charge at the surface need to be compensated which lead to an

electron depletion or accumulation (depending on the type of charge) leading to the
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formation of a space charge region and inducing a surface band bending. [33](more details
about space charge region in chapter 2) Due to the presence of an accumulation/depletion
zone, the overall conductivity is altered and used as a signal for gas sensing devices. In
polycrystalline SnO,, the formation of Schottky barriers at grain boundaries (see section
2.2.4 of this chapter) can also amplify the gas sensing response.[84] Dopants can also be
used to increase the gas response. In Sn0; the most commonly used are Ag and Pd.[41,43]
Under atmospheric conditions these additives are present as Ag,0 and PdO which lead to a
larger work function of oxidised additives compared to SnO; and thus an upward band
bending (electron depletion translated by a decrease in conductivity). However when
exposed to combustible gas, the environment becomes reducing and the additives change
from oxides to metals, decreasing their work function and thus the band bending (increase

of conductivity).

2.3.3. Solar cells

FTO and undoped SnO; have been reported to be used in CdS/CdTe solar cells. Due to its
high electrical conductivity, good optical transparency and work function close to that of
CdS FTO is a good cathode candidate for CdS contact. However since the carrier collection
in CdS is insufficient[85] the light absorbed is lost. To reduce the amount of light absorbed
by the CdS layer and improve the short-circuit current, the thickness of the CdS layer can
be decreased. However since its thickness is extremely small (100 nm) compared to the
CdTe thickness (3-7 um)[86] the CdS layer may contain pin-holes leading to direct contact
between FTO and CdTe and thus the formation of micro-junction decreasing the overall
efficiency.[85,87-89] To avoid the loss in open-circuit voltage and field factor caused by
these pin-holes, the use of a highly resistive layer such as undoped SnO; is required
between the FTO and the CdS layers. The use of Sn0O; as a buffer layer reduce the atom
diffusion form the TCO during the device fabrication, improve the surface morphology
(reduce the amount of pin-holes) and minimise the contact area between CdTe and
FTO.[87,89] Great improvement have been reported when using SnO; as a buffer layer
with a cell efficiency increase from 4 to 11 % for FTO/CdS/CdTe/Cu/Au and
FTO/Sn0,/CdS/CdTe/Cu/Au respectively.[89] Solar cells fabricated with FTO/SnO,
cathode contact were reported to achieve up to 15.2 % efficiency with open-circuit current

of 0.84 V, short-circuit current density of 23 mA/cm? and field factor of 78 %.[87]

2.4. P-typedopingin SnO:

Despite the numerous application using TCOs, very little work has been carried on TCO

based devices.[30] Most TCOs are n-type while p-type TCOs with equivalent properties
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still need to be developed. As specified previously, to be used as TCO a conductive film
must have a band gap greater than 3.1 eV (the visible photon energy being between 2.1
and 3.1 eV), a transparency superior to 80 % in the visible region and a conductivity
higher than 1000 S/cm (resistivity lower than 10-3 .cm).[30] The development of good p-
type TCOs is essential in the fabrication of p-n homo-junction[8,9], ie. for functional
windows which transmit light in the visible region and generate energy through the
absorption of ultra-violet (UV) photons, and fully transparent CMOS.[10] The first p-type
TCO was a NiO thin film developed by Sato et al.[90] in 1997 with a resistivity of 0.14 Q.cm
and transparency of only 40 % in the visible. Since then, a great deal of effort has been put
into the development of a good p-type TCO and two main approaches can be

distinguished: i) chemical modification of the valence (CMVB) and ii) ion implantation.[15]

2.4.1. Chemical modification of the valence band (CMVB)

The first method was proposed by Kawazoe et al.[8] in 1997 when they successfully made
p-type Cuz0 thin films doped with Al to increase the band gap. They suggested that the
problem in the development of p-type conductivity lies in the strong localisation
behaviour of the top of the valence band on oxygen atoms. The wide band gap in metal
oxide is due to a significant ionic character of the bond between metal and oxygen
atoms.[9] Generally the energy of the O 2p states lies lower than those of the valence
orbitals of the metallic cations. Therefore when a hole is produced, it is localised on an
oxygen atom due to the high electronegativity of oxygen and constitutes a deep acceptor
level with a high energetic barrier to overcome. As a way to counter this problem,
Kawazoe and Hosono suggested to hybridize the metal orbitals with O 2p orbitals to have
a more dispersed VBM and decrease the ionic character of the bond, ie. bring more

covalency.[8,9,77] In this approach, the material must fulfil several conditions:

- The energy of the metal valence orbitals must be close to those of the O 2p to
reduce the localisation of the VB edge on the oxygen and decrease the ionic
character of the bond.[9]

- The oxygen atoms have to adopt a tetrahedral coordination to increase the
covalency of the bonds.[8]

- The metallic cations should have a close d-shell electronic configuration to avoid d-
d transitions which induce a loss of transparency and a strong coloration of the
films.[9]

- The band gap of the material needs > 3 eV to avoid absorption in the visible

region.[9]
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Cu and Ag have been identified as good cation candidates due to their valence orbitals
approaching the energy of the O 2p states (around 6 eV for O 2p while 10-11 eV for Cu*
and Ag*). The first CuAlO, TCO based on this approach[8] possessed a resistivity of 1 0.cm
but a mobility of 10 cm2/(V.s). From this point two main families of Cu-based p-type TCOs
appear: CuMO; (with M = Al, Ga, In, Cr, Sc...) which possess a delafossite structure and
SrCu;0,, LaCuOCh (where Ch is a chalcogen: S, Se, or Te) with a non-delafossite
structure.[4] The first UV-LED was fabricated in 2000 by Ohta et al[83] and was
composed of a p-n junction of p-SrCu;0; and n-ZnO. So far the lowest p-type resistivity
achieved is attributed to the delafossite type CuCro.9sMgo.0s02 deposited by Nagarajan et
al.[91,92] reaching 4.5 x10-3 Q.cm. However the highest hole concentration achieved is
attributed to Hiramatsu et al[93] with LaCuOSi.xSex:Mg reaching 2.2 x102° cm3 and a
resistivity of 7.1 x10-3 Q.cm. LaCuOSi,Sex:Mg is the first degenerate p-type TCO. A
summary of the p-type TCOs developed over the past 20 years can be observed in Table
1.1.

Table 1. 1: Outlook of the performance of the different p-type TCOs developed the resistivity, mobility, carrier

(hole) concentration, transparency in the visible range and optical band gap.

Carrier Band
Resistivi Mobili T
Year Material esistivity concentration obility ransparency gap Ref
Q.cm cm’ cm?/(V.s) % eV
1984  CuAlO; (Bulk) 5.9x10? - <0.1 - - [94]
1993  NiO 1.4x107 1.3x10" - 40 - [90]
1997  CuAlO, 1 1.3x10" 10 - 3.5 (8]
1908 SrCu,0,:K 2.1x10" 6.1x10" 0.46 - 33 [95]
In,03-Ag,0 8.8x107 4.2x10" 17 20 - [96]
1999  ZnO:Ga:N 2 4x10" 0.07 90 - [97]
NiCo,0, 6x107 - - 40-60 - [98]
CuGaO, 1.6x10' 1.7x10" 0.23 80 3.6 [99]
CulnO,:Ca 3.6x10? - - - 3.9 [100]
2001  CuCrO, 1 - - - - [91]
Cllcro,osMgo,ost 4.57(10_3 - - 50 3.1 [92]
CuScO;, 3.3x10? - - 40 33 [92]
CuYO,:Ca 9.5x10™ - - 50 35
CuNi2/3Sb1/302ZSn 2.0)(]01 - - 60 34 [101]
2002 AgCo0, 5 - - 40-60 4.1
Zn0:Sb 8x107 5x10%° 1.5 - - [102]
7Zn0:As - 3x10"7 - - - [103]
2003  LaCuOS,.,Se;:Mg 7.1x107 2.2x10% 4 - - [93]
2004  ZnO:N - 2x10%° 8 - 33 [104]
LaCuOS - <10" 0.5 - 32
2005 LaCuOSe 4.2x107 2x10" 8 - 2.9 [105]
SrCu,0,:Ca 1.2x10" - - - 32 (4]
2006  ZnO:Li 5.9 6.0x10" 1.8 - - [106]
ZnO:P 2x107 3.8x10" 6.9 - - [107]
2007 Zn0:As 5x107 4x10" 2 - - [108]
Zn0:Sb 42 1.9x10" - 80-85 3.26 [109]
2008  CuYO, 1.3x10™ - - 60 3.15 [110]
2009  ZnO:As - 6x10" - - - [111]
2011  CuAlO, 5.5x10" 5x10" - - - [112]
2012 CuPt,FeO, 8x107 4x10" - >50 3.45 [113]
2015  CuCrO;:Mg 6.3x10™ 10% - 63 33 [114]
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2.4.2. lon implantation
2.4.2.1. General method

Ion implantation is a method using intrinsic n-type metal oxides and dope them with
acceptor dopants to induce p-type conductivity. The development of p-type metal oxides
using this technique would be an important milestone in the transparent electronic field
as it would allow the fabrication of wide band gap p-n homojunctions.[10] The principle
lies on the formation of holes via cation (respectively anion) substitution with lower
valency atoms or via defect complex. A good example is the case of Zn0O. ZnO has been one
of the most studied candidates for p-type ion implantation doping. Successful p-type
conductivity of ZnO has been reported when doped with As[108,111], Sb[109], P[107],
Li[106] and N[104].[115] In the case of As, Sb and P the p-type conductivity was thought
to result from the formation of shallow Mz,-2Vz, defect complex where M is either As, Sb
or P.[116] Li (respectively N) acts as an acceptor dopant when substituted on Zn site
(respectively O) due to its lower vacancy (Li* or N3-). The ion implantation methods
requires to take into consideration both the dopant impurities used and the intrinsic
defects present in the host matrix to achieve p-type conductivity.[117] Therefore it is
necessary to characterise the material and its defects in order to investigate the most
suitable growth conditions. The understanding of the role and formation of intrinsic
defects would be of great value in the development of p-type films. The use of thermal
annealing is often required in order to active electrically the dopants after implantation. In
the process of p-type doping of ZnO using As or Sb as dopant the use of an oxygen-rich
environment and/or a post-deposition thermal annealing was required.[118,119] The key
issues in this approach lie within the choice of the dopant, the optimisation of growth
conditions and the control over native defects to avoid compensation effects. The
advantage in making p-type ZnO, In;03 or SnO; is that these materials can be easily

incorporated in p-n homojunction using their n-type counterpart.

2.4.2.2.  The case of Sn0;

It has been discussed previously that the main intrinsic defects present in SnO; are donor
type defects and thus the intrinsic conductivity is n-type. Even an extreme oxygen-rich
environment, supposedly favourable for p-type defects, is not enough to place them as
major defects. In these conditions and considering the Fermi level to lie around the CBM,
their formation energy is greatly lowered to a point that Vs, and O; would form more easily
than Vo or Sni. However their formation would induce a shift of the Fermi level towards
the VBM, zone where the formation energy of donor defects (Vo and Sn;) becomes

negative, i.e. the defects form spontaneously. Therefore the development of intrinsically p-
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type SnO; films is impossible due to the lower formation energy of the donor intrinsic
defects, even in oxygen-rich environment where the formation energy of p-type defects is
decreased. The only possibility to induce p-type conductivity in SnO; remains in the

control of the n-type defects coupled with the implantation of extrinsic acceptor defects.

Singh et al.[46] looked at the use of group IA (Li), group IlIA (In, Ga, Al), group IIIB (Zn) as
cation dopant and group V (N) as anion dopant due to their lower valency inducing the
formation of one (or more) hole(s) as the dopant substitutes on Sn or O site (depending on
the dopant). They found that while N and Li give rise to deep acceptors with a strong
tendency of Li for self-compensation through inclusion in interstitials, other dopants such
as In, Ga, Al and Zn would exhibit a preferential doping on Sn sites and act as shallow
acceptors in SnO;. Over the past 10 years the research on p-type doping of SnO;, even
though not as investigated as p-type ZnO, has progressed and p-type SnO; has been
successfully developed with the use of either In, Ga, Al, Zn, Sb or N as acceptor dopant but
also using Al-N or In-Ga as co-dopants. The dopants were selected for their lower valency
than Sn (or O) but also for their close ionic radius regarding the site they are to occupy
(r(Sn*) = 0.69 A, r(In3+) = 0.80 &, r(Ga3*) = 0.62 A, r(Al3+) = 0.54 A, r(Sb3+) = 0.76 A, r(Zn2+)
= 0.74 A, and r(0%) = 1.38 A and r(N3) = 1.46 A). The effective p-type SnO; thin films

developed are listed in table 1.2.

Li doping has been proven successful[65,120,121], however only through the use of a very
high amount of dopant in the SnO; lattice (> 40 at.%). The inclusion of Li* on Sn#* site
should induce the formation of 3 hole states above the VBM. However considering the
level of doping required to induce the change of conductivity (26 at.% Li[65]) and the
amount required to highest hole concentration it is not surprinsing to observe some self-
compensation effect. This effect has been reported in Li-doped ZnO films.[106] When
placed in an interstitial, Li+ acts as a donor and compensates the hole created. Even though
the number of electrons produced with Li; is low against the number of holes created with
Liss (1 electron against 3 holes), the energy required to form the acceptor defect is much
higher than that of Li;.[15] The use of Li as an acceptor dopant seems to be limited due to

this self-compensation effect which limits the amount of uncompensated holes achievable.

Al is one of the best candidates for p-type doping of SnO.. So far the lowest resistivity
achieved was about 3.6 x10-2 Q.cm with a mobility as high as 26 cm?/(V.s) and was
achieved by Bagheri-Mohagheghi and Shokooh-Saremi.[13] The type of conductivity
appears to switch from n to p-type at doping level of 7.5 at. % with the optimum p-type
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conductivity at 8.4 at% Al Ahmed et al[122] reported shift to p-type conductivity
happening around 12 at.% Al.

Table 1. 2: Outlook of the performance of the different p-type SnO: thin films deposited showing the dopant used,
the amount, the deposition technique used, the deposition temperature (T) with or without presence of annealing

(A), resistivity, mobility, carrier (hole) concentration, and optical band gap.

Amount  Deposition Deposition Resistivity Carrier Hall Band
Dopant technique temperature concentration  mobility gap Ref
at. % (°C) Q.cm cm? cm*/(V.s) eV
L 75 Spray 480 1.6x107" 1.1x10" - 3.6 [65]
41.5 Spray 500 8.34x10™! - - 3.6 [120]
8.4 Spray 480 3.6x107 6.7x10" 26 4.1 [13]
19 Dip A400 73x107 - - 42 [122]
Al coating
Sputtering RT
- + thermal 8.1x10"! 7.2x10'® 1.1 - [123]
o A450
diffusion
20 (Si) Sputtering 700 2.8x107 3.2x10™ 700 i (]
20 (Q) 750 33 7.9x10'® 0.24
Ga 20 Sputtering izoo 1.2 2.6x10" <1 4 [124]
20 Sputtering RT 102 8.8x10'® 0.14 3.8 [125]
A650
15 Sol-gel A520 15 1.7x10" 6.3 3.8 [126]
Dip RT 1 17
. 10 conting A500 2.1x10 1.9><10]r 1.6 - [14]
RT 3.1x10'°
20 Spray A600 - 0.43 - [127]
Sputtering RT
- + thermal 1.4x10" 1.3x10" 3.6 - [66]
o A350
N oxidation
QP;?Z_% Sputtering 400 4.4x10" 3.2x10" 1.33 3.7 [128]
3 Thermal 959 - 1.5x10"7 2 - [67]
growth
Sb 20 Sputtering 200 1.7x10" 5.8x10" 0.64 35 [129]
A700
20 PLD 700 8.7x10™! 10" 0.65 3.7 [130]
A500
20 Sputtering 200 3.6 3.3x10" 0.52 3.8 [68]
A600
25 Spray 340 6.3 - 11 346 [12]
Zn 25 Spray 340 3.8 9.5x10" 3.8 [131]
Sputtering
- + thermal A400 7.4 2.4x10" 35 - [132]
diffusion
isnjt% Sputtering §4T S0 6.9x10"" 10 - - [133]
ALN Al 14.8
N 19 Sputtering  A450 3.7x10" 4x10" 0.25 - [134]
In-Ga 1(1}1391.38 Spray 155%0 1.7x10" 9.5x10" 39.2 - [135]

On first sight it would appear that Ga might be the best p-type dopant for Sn0O; as Yang et
al.[11] mentioned a resistivity of 2.8 x10-3 Q.cm. However they admitted that those films
were deposited on silicon substrate and that it could influence the Hall measurement.

Instead they measured a resistivity of 3.3 Q.cm for the films deposited on quartz, the
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carrier concentration was slightly higher than for the Si substrates. During Hall/resistivity
measurements the use of a non-conductive substrate is required to avoid any unwanted
contribution from the substrate. The main difference lied in the mobility which achieved a
ridiculous 700 cm2/(V.s), way above the mobility observed in n-type SnO; films[42], for
the films deposited on Si which clearly shows the contribution of the Si substrate in the
measurements. The minimum amount of doping required to turn the material p-type was
about 10 at.% Ga[126] while the optimum conductivity was generally achieved around 20
at.% Ga.[11,124,125] The presence of Ga in the interstitial position has also been reported
by Pei et al[136]. They have been detected by photoluminescence and are thought to act

as compensation centre for the p-type conductivity.

While the inclusion of Sn#+ in In,03 lattice result in the formation of highly conductive n-
type TCO, e.g. ITO, the inclusion of In3* in SnO; lattice can induce p-type conductivity in the
film. This has been reported by Ji, He et al.[14] and Ji, Zhao et al.[127], however the hole
concentration achieved is too low (1016-1017 cm-3) compared to other dopants and the
lowest resistivity was about 2.1 x10! (.cm. Hole concentration about 4 x1018 was achieved
by Ji et al.[127] for a doping concentration of 20 at.% In however very low mobility was
obtained (3 x10-3 cm2/(V.s)). Mao et al.[135] attributed the low mobility present in both In
and Ga p-type SnO: films to the lattice distortions caused by the inclusion of these dopants.
In order to reduce the strain on the lattice they coupled In (inducing an expansion of the
lattice) with Ga (inducing a compression of the lattice) through a In-Ga co-doping method.
Their results show promising mobility as high as 3.9 x10! cm2/(V.s) with doping of 9.2
at.% In and 10.8 at.% Ga.

N is the only anion p-type acceptor dopant which has shown successful p-type doping in
Sn0. It is an attractive method especially for vacuum deposition technique where the
amount of N dopants could be controlled through the gas pressure in the chamber.
Mobilities higher than 1 cm?2/(v.s) and hole concentration as high as 1.3 x101% cm3 have
been achieved.[66,128] However the presence of a compensation mechanism might limit
the optimisation of the p-type conductivity. The incorporated nitrogen possesses different
chemical states: atomic nitrogen ([3-N) which replaces an oxygen and constitutes an
acceptor defect, and molecular nitrogen (y-N2) which is constituted of N, molecules at O
sites forming a double donor.[66,128] Such compensation mechanism has been observed
in the p-type N-doped ZnO films where the atomic nitrogen defects were also
compensated by N-acceptors-N, complexes.[137] The use of N coupled with Al as co-
dopants for p-type SnO; has been tested but even though the lowest resistivity achieved

was 3.7 x10-1 Q.cm, the mobility is 100 times lower than with simply Al doping.[13,134]
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Even though Sb is well known as a n-type dopant for highly conductive SnO, due to its
oxidation state Sb5+ creating an extra electron when placed on a Sn** site, Sb also
possesses a lower oxidation state Sb3+. When Sb3+ successfully substitutes on a Sn site, it
forms an acceptor defect and generates a hole in the lattice. The lowest resistivity
achieved was 1.7 x10-1 (..cm with a hole concentration as high as 3.3 x101% cm-3 and was
reported by Ni et al.[129]. The films conductivity switches to p-type when annealed above
600 °C however the conductivity changes back to n-type above 800 °C of annealing, this is
attributed to the formation of donor defects such as oxygen vacancies. The annealing is
required to get rid of the remaining intrinsic n-type defects present in the films and

electrically activate the acceptors.[129]

Zn is among the favourable p-type dopant suggested by Singh et al[46]. p-type
conductivity has been achieved either by using spray pyrolysis[12,131] or by magnetron
sputtering[68,132]. The optimum doping seems to lie around 20-25 at. % Zn. The highest
hole concentration achieved was 3.3 x101% cm-3[68] while the highest mobility reached 3.5
x10%[132] Since both these results have not been achieved within the same films, it
remains possible to improve both the hole concentration and their mobility. So far the
lowest resistivity achieved is 3.56 Q.cm.[68] Even though the formation energy required
for the substitution of Zn2+ on Sn** site is than with dopant such as Al, Ga or In due to the
double holes formed, successful doping can still be achieved through annealing of the
films.[46] However, above annealing temperature of 800 °C the films have been found to

switch back to n-type conductivity.[68]

Even though p-type conductivity of SnO; has been reported, high annealing temperature
are generally required to activate the acceptor dopants coupled with high amount of
dopant in the lattice. Lany and Zunger[138] studied the formation of p-type defects in ZnO,
In203 and SnO; system and found that acceptor dopant (Ga, Al and In in the case of Sn03)
causes the formation of localised holes centred on the oxygen site close to the dopant.
While they estimated the acceptor ionisation levels, €4(0/-1), to lie at 0.85, 0.76 and 0.58
eV above the VBM for Al, Ga and In respectively, Scanlon and Watson[15] suggested they
might lie deeper in the band gap. They considered Al, Ga, In, Li and N as deep acceptors in
SnO; while in interstitial they would constitute shallow donors (except for N). Even though
the formation energy of the dopant in interstitial position is higher than in substitutional
position in oxygen-rich conditions, the Fermi level might still be trapped around mid-gap
for the Al, Ga and In dopants. They concluded that under either oxygen-rich or tin-rich
conditions it would not be possible to achieve good p-type conductivity. The localisation of

holes on the oxygen sites in Sn0O; is not a surprise as the valence band is mostly formed of
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0 2p states whose orbitals lie at 6 eV while the valence orbitals of SnO; (Sn 4d) lie at 24
eV.[9] The difference in electronegativity is too important and thus to have a chance to
obtain p-type conductivity, dopants with valence orbitals lower in energy (closer to the O
2p states) must be considered to reduce the localisation on the oxygen. While Ga 3d1° and
In 4d10 lie around 20 eV, Zn2+ valence orbitals lie lower at 15 eV.[9] Furthermore, even
though the formation of Zns, acceptor defects requires more energy than with Ga, Al or In,
when successfully substituted it allows the generation of two holes in the lattice. On
overall p-type conductivity of Sn0; thin films with acceptor dopants has been achieved.
The conductivity achieved does not surpass the Cu-based p-type metal oxide developed so
far, however unlike the Cu-based oxides which still requires a reliable n-type counterpart
for the formation of p-n homo-junction, highly conductive n-type SnO; has already been
developed. Furthermore one of the main issues in Cu-based oxides, aside the conductivity
improvement, is the low transparency in the visible region due to the low band gap of
these oxides. This problem is almost inexistent in SnO; p-type thin films since Sn0; is wide
band gap semiconductor to begin with. But the development of p-type conductivity in
intrinsic n-type metal oxides remains a challenge as the stability of the holes in the system

is questioned through the formation of donor-type defects.

Even though the best results have been achieved through Al and Ga doping for p-type SnO;
thin films, the interest is brought to the use of Zn as acceptor dopant. Interesting results
have been reported[68,12,131,132] but the possible achievement of p-type conductivity
must still be questioned. Yet no experimental report focused on the type of environment
required for the growth of these films. Singh et al.[46] and Pan et al[134] insisted on the
importance of the growth conditions and especially Singh et al. who suggested the
existence of optimum conditions lowering the formation energy of the acceptor defects
and at the same time raising the formation energy of donor defects high enough to achieve
p-type conductivity. A final parameter which has not been discussed much in the reported
studies despite its importance is the position of the Fermi level of the films and the charge
neutrality limit (CNL) in SnO,. The CNL corresponds to the energy at which the character
of defects formed changes respectively to the Er position. Below the CNL, the donor-like
character of the defects will be predominant while when Er lies above it the acceptor-like
character of the defects is favoured.[59,139-141] In most semiconductor this limit lies
close to the middle of the band gap, however in TCOs such as ZnO, In;03 and SnO; the CNL
lie close (Zn0) or above the CBM (In;03) and (Sn0).[139,141,142] The CNL lying above
the CBM in SnO; can be seen as a consequence of the large size and electronegativity

mismatch between the tin and the oxygen atoms.[141] The position of the CNL in the CB of
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SnO; is one of the reasons n-type doping can be easily achieved while p-type doping is
difficult. So far few studies have reported the position of the Fermi level for their p-type
thin films developed and most of the studies reporting successful p-type conductivity did

not take into account the CNL limitation.

2.5. Use ofZn as dopant

The use of Zn as a dopant grew interest in the 1990s with the introduction of new
multicomponent oxides as potential TCOs material. These materials were mainly derived
from binary oxides such as Zn0, CdO, In;03 and SnO,. Some of the new ternary compounds
introduced  were  Zn;Sn04[143], ZnSnO03[17], ZnzIn,0s[144], Mgln,04[145],
CbSb,06:Y[146], GalnOs3[147] and InsSnz012[148]. The ZnSn0z and Zn,Sn0; were
introduced by Minami et al[17,149] and by Enoki et al[143] showing interesting
resistivity as low as 4 x10-3 Q.cm for ZnSnOs. However, as it can be noticed, the
introduction of such large amount of Zn (> 30 at.%) induces a phase change from SnO; to
either ZnSn03 or Zn;Sn04. Since then the research has continued on these ternary oxides
but the interest was also brought to the use of Zn in smaller quantities maintaining the
phase of the material. In these kinds of study the amount of Zn doping varies between 0
and 30 at.%.[150-152] Even though the amount of doping is high, no sign of other phases
than SnO; rutile were measured. The ZnSn03 and ZnSnO4 phases seem to appear above 33
at.%. Based on the valence of Zn(II), with the introduction of Zn2+ species in Sn0O; a
decrease of the conductivity is expected through the Zn substitution on Sn site and the
formation of 2 holes. However some studies revealed an improvement of the electrical
conductivity with resistivity down to 2 x10-3 Q.cm for Zn doping between 10-20
at.%.[153-155] The most noticeable change was not in the carrier concentration (about
1019-1020 cm-3) but in the stability of the mobility up to 24 cm2/(V.s) with 11 at.% of Zn in
SnO:. Along the improvement in mobility observed in some cases, the addition of Zn seems
to induce a reduction of the crystalline size of the film along with a slight decrease of the

band gap.[150,153,156,157] A few results found in literature are highlighted in table 1.3.

The conductivity of the Zn-doped SnO: thin films seems to depend on the deposition
technique used. Apart from Singh et al.[154] who obtained a low resistivity of 8.94 x10-3
Q.cm by spray pyrolysis, the most conductive films seem to arise from sputtering
deposition technique.[18][153] With the addition of Zn a change in crystalline growth has
also been observed in several studies. The (110) preferred orientation in undoped SnO;
changes to either the (101) or the (200) orientation as more Zn is added.
[150,153,156,157] Even though the (101) orientation has been the most reported with
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addition of Zn, it should be noted that both the (101) and (200) are oxygen deficient
surfaces. In all reports, the deposition temperature was kept below 500 °C and no post-
annealing treatment or further oxidation process was carried. By refereeing to the
previous reports on p-type conductivity, it can be observed that the inclusion of Zn in SnO;
can either compensate the charge carrier and induce p-type conductivity or improve the n-

type conductivity of the films function of the deposition parameters.

Table 1. 3: Outlook of the properties of Zn-doped SnO: thin films the phase, the dopant concentration, the
deposition technique used, the deposition temperature, main growth orientation, resistivity, mobility, carrier

(electron) concentration and optical band gap.

Doping . . o Carriers
Phase level Technique Temperature x?::tation Resistivity  Mobility concentration Ee Ref
at. % °C Q.cm cm?/(V.s) cm’® eV
ZnSnO; 33 Sputtering 300 - 4x107 10 10%° - [158]
Zn,Sn0O; 80 Sputtering - 1.7x107 - - - [143]
20 Sputtering 250 (101) 1.12x10%  7.02 1.44x10% - [153]
(110),
15 Sol-gel 450 (101) 3.68 [159]
(110),
8.7 Spray 400 (101), 8.94x10° 534 - 407 [154]
11
Sn0; 16.8 Sol-gel 480 - 4.35x10° - - 3.69 [151]
24.3 Spray 400 (200) - - - 371 [157]
(200) N
10 Spray 350 71,8n0, 6.64x10 - - 3.58  [152]
11 Sputtering 450 Amorphous  2x107 24 1x10% - [18]
12 CVD 300 Amorphous 1.5 x107 1.5 3 x10% 3.82  [155]

2.6. Deposition methods

Various deposition techniques have been developed for the fabrication of Sn0; thin films.
The preference of one technique over another depends on the expectations and the
conditions set by the user. In the scope of this thesis, the interest is brought upon the
control of dopant inclusion and intrinsic defects, with a fine control over the growth

environment but still with a reasonable growth rate and good film quality.

Deposition techniques working in atmosphere are generally used for low cost and large
area processing. Spray pyrolysis is among the most commonly used for Sn0,.[140] With
this technique a soluble salt (tin chloride SnCl; or SnCly) is mixed with a solvent
(methanol/water) and sprayed onto a heated surface leading to the thermal
decomposition of the salt and oxidation into the formation of SnO2. During the deposition
the environment is not controlled, and even though most of the oxygen source comes from
the solvent used, the stoichiometry remains difficult to control.[140] Owing to its lower
chemical reactivity than Zn in oxidising environment[60], the spraying of Sn0O; leads to

non-stoichiometric films with rather low resistivity (about 10-3 (..cm).[64,160] The large
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amount of defects (mainly Vo and Sn;) through spray pyrolysis deposition accounts for its
large use in n-type Sn0O; TCOs, however the lack of control of the amount of donor-type
defects and of the environment would be problematic in this study. The same problems

apply for other in air-technique such as sol-gel deposition.

To control the growth environment the use of a vacuum system and/or a gas carrier is
often required. Four systems are highlighted: chemical vapour deposition (CVD),
molecular beam epitaxy (MBE), magnetron sputtering and pulsed laser deposition (PLD).
CVD involves the deposition of a thin film on a substrate from a gas phase. The
environment is controlled through the use of gas phases for the reaction. The species
interact with the heated surface of the substrate and the decomposition product then
deposits on the surface. This technique allows the formation of films with low defect
density and high chemical purity.[2] The growth rate is tuneable however one of the main
issue of the technique is the toxicity of the precursor used.[161] MBE is a technique
allowing a very fine control over the growth of single-crystal epitaxial films in high
vacuum. The slow evaporation of elements in different crucibles is controlled by fast
shutters to control the growth process along with the composition, dopant concentration
and thickness.[162] However MBE'’s operation is complex and the throughput is limited
partly due to slower deposition rates to achieve good quality crystals. Magnetron
sputtering is widely used for the deposition of large area coating in industry. The
sputtering process consists of the bombardment of highly energetic particles (generally
ions from an inert gas such as Ar) on a target surface. The ion bombardment leads to the
ejection of target species (Sn) towards the substrate, the oxidation of the tin can be
controlled through the use of background oxygen gas.[2,140] The inclusion of dopant is
controlled either through the background gas or within the target composition. Magnetron
sputtering is the most suitable deposition method for the processing of TCO in industry
which gathers good environment control and high quality films. Finally PLD, even though
it is not a suitable technique for large area applications, is a technique allowing a fine
control of the growth and the environment leading to good quality films. The system is
composed of a laser (source of energy) focused on a ceramic target, leading to the instant
evaporation of the material on the surface of a target and formation of a plasma plume
depositing the desired material on the substrate placed parallel to the target. The system
is in vacuum and a background gas (oxygen) is used to control the energy of the plasma
species and the stoichiometry of the films. The highly energetic plasma plume allows the
formation of good quality crystalline thin films even at low temperature and with a high

growth rate (> 10 nm/min).[163] Furthermore the doping is controlled through the target
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composition as PLD allows a stoichiometric transfer of the cation species due to the non-

equilibrium of the process.

PLD technique meets the requirement for a study involving fine control of the growth,
doping and the environment. Even though this technique is not suited for industrial
applications it remains an excellent tool for the investigation of thin film properties with a

broad panel of deposition conditions.
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Chapter 2: Experimental

1. Deposition technique: Pulsed laser deposition (PLD)

Lasers have been used as an energy source for evaporative film growth since their
discovery. The first PLD experiments were carried out by Smith and Turner in 1965[1]
and Hass and Ramsey in 1969[2] where they experimented the preparation of
semiconductors and dielectric films. However it was only in the late 1980s that PLD
became more investigated with the work of Dijkkamp et al[3] on high-temperature
superconductors. Their research showed stoichiometric cation transfer from the target to
the substrate, high deposition rates (0.1 nm per pulse) and the presence of droplets on the
substrate surface. The development of PLD has continued over the past 20 years and it is
now a refined technique for thin-film deposition research. Nowadays, PLD is used in the
deposition of insulators, metals, semiconductors, polymers and biological materials.[4]
PLD is now established as a reliable method for the deposition of highly crystalline thin
film with controlled cation stoichiometry.

1.1. Principle of PLD

PLD is a vacuum deposition technique using laser as a source of energy. Unlike sputtering
the source of energy is placed outside the vacuum chamber, making it easier to manage.

The setup is described schematically on Figure 2.1 and 2.2.

Rotation axis of the
target holder

Target holder

Glass window

_ Laser pulse

Rotation axis of the
target

Thermocouple
Observation window

(cutting the laser wavelength)
Substrate holder

Ultrahigh vacuum chamber

Figure 2. 1: Schematic of a Pulsed Laser Deposition system
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Ceramic target

Substrate

Figure 2. 2: Photograph showing the major components of a) the PLD growth system and b) the inside of the PLD

chamber during operation.

The laser is oriented inside the vacuum chamber using optics and a window transparent to
the laser wavelength. The deposition process can be described in three steps; ablation,

plume expansion and condensation.
i. Ablation

The high energy laser is focused on a narrow spot (around 1-20 mm?) of the rotating
target. The target is placed so that it is struck at an angle of 45° by the pulsed and focused
laser beam. Incident photons are absorbed by the material close to the surface.[5] The
penetration depth varies with the optical properties of the material and the wavelength of
the laser. In the case of non-metals (in the context of this thesis metal oxides), the energy
absorbed is transferred to the surrounding material leading to a localized heating and thus
causes the surface to melt and evaporate with subsequent emission of ions, neutral atoms
molecules and electrons. Because of the non-equilibrium nature of the ablation process the
cation stoichiometry of the target is preserved in the deposited films which constitutes
one of the main advantages of the PLD.[4] In order to avoid local overheating and melting
of the target, the target is rotated and the pulse length is kept short (< 20 ns) as the
temperature generated would exceed the melting point of many materials, i.e. SnOz, Ty =

1630 °C.
il. Plume expansion

Since the ablation process occurs on a shorter time scale than the pulse duration (the

energy relaxation time is on the order of 10-12 s[6], compared to the 109 s of the pulse), the
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laser continues to interact with the evaporated material and ionises it. The formation of
ionised gas particles leads to the formation of a plasma plume which expands away from
the target. Laser radiation is also absorbed by the plasma by inelastic free electron
scattering leading to increased heating and expansion of the plasma. Due to atom
collisions in the plasma and atom ions at the surface of the target the plasma emits lights
by Bremsstrahlung radiation which explains the luminous shape escaping from the target.
The plasma plume is highly-directional (the thickness distribution from a stationary
plume is quite non-uniform) and can interact with a background gas (if present) which

would react with and slow down the plume.[4]
iii. Condensation

During this final step, the highly energetic species condense on a substrate placed on a
heater, parallel to the target and at a few centimetres (2-10 cm). The nature of the growth
depends on the surface energies between the film and the substrate. The growth at the
surface of the substrate is explained by an organisation which tends to decrease the
surface free energy. The film will grow in the orientation leading to a minimum of the
surface free energy.[4] The quality of the crystallinity increases when the temperature
increases. A lot of thin film deposition techniques require the use of high substrate
temperature in order to increase the diffusion of the deposited particles and thus improve
the crystallinity. However PLD technique offers good quality of crystallinity even at low
deposition temperatures.[7,8] This is due to the high kinetic energy of the species; the

surface mobility of the species is enhanced enabling the growth of crystalline films.

1.2. Effect of deposition parameters

During the growth of metal oxides such as SnO, some parameters play an important role
and have to be carefully considered. Those are; the target, laser wavelength, laser
repetition rate, laser energy density, background gas, target-substrate distance and

substrate temperature.

1.2.1. Target

In order to reduce the risks of particulate inclusion in the deposited films the density of
the target used should be higher than 90 %.[9] The target is generally made of a powder
mix of the desired components which is then pressed as a pellet and sintered at high
temperature. The stoichiometry of the target often represents the stoichiometry of the
film. Due to the difficulty in the sintering process of SnO, additives such as Zn can be

added to improve the densification process.[10,11] (described in Appendix 1) Because of
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the stoichiometric transfer of cations from target to film a single phase target is not
necessarily required to obtain a single phase thin film. This main advantage facilitates the
preparation of doped films by PLD through the easy doping control during the target

preparation.

After being exposed to multiple laser ablations, changes in the target surface
stoichiometry are possible. Claeyssens et al.[12] observed that post-ablated ZnO target
surface shows enrichment in Zn due to material backscattering from the plasma plume
and recondensation on the target. The less volatile component gets recondensed first. In
this case Zn, leading to a Zn:0 ratio greater than unity. This phenomenon causes the
stoichiometry of the films to change as the target is more exposed to the laser thus causing
the films to be more metal-rich. In order to maintain the stoichiometry the target can be
polished regularly or another solution is to compensate the metal-rich environment by

increasing the amount of oxygen background gas in the chamber.

1.2.2. Laser wavelength

An efficient ablation requires a non-equilibrium excitation of the volume at temperature
much higher than the evaporation temperature of the material. To do so, the laser pulse
has generally a short duration, is high in energy density and highly absorbed by the
material. If the energy delivered by the laser is not high enough, it will result in a volume
heating and the formation of a liquid pool that lasts for hundreds of nanoseconds. Due to
this it is possible that the subsurface volume will boil, which will cause the ejection of
micrometre-sized droplets. The optical absorption coefficient is essential in the surface
boiling effect. If this coefficient is too low (material specific), the energy delivered by the
laser will not be enough to vaporize the material which will result in a heating process.
Even by using low wavelength laser, the formation of liquid droplets cannot be completely
avoided. To limit this boiling effect and to have a vaporization of the material, the energy
delivered by laser has to be larger than the band gap of the target material. This effect can

also be reduced by using highly dense ablation target.[5,13,14]

1.2.3. Repetition rate

In PLD laser pulses are used in order to minimize the dissipation of the laser energy
beyond the volume of the ablated surface of the target. This helps to avoid the destruction

of the target and phase segregation.[15]
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1.2.4. Laser energy density or fluence

At low fluence or low absorption at the laser wavelength, the target is only heated by the
laser and the ejected flux of material comes from the thermal evaporation of the target
species. As the fluence increases, an ablation threshold appears when the laser energy
absorption is higher than the energy needed for evaporation. This ablation threshold
depends on the absorption coefficient of the material and on the wavelength used. When
the fluence exceeds the ablation threshold, the laser beam is absorbed by the ablated
species which results in the formation of a plasma (the plume). However if the laser
fluence is too high, the film is degraded due to the bombardment of high energetic species
and the presence of ejected droplets can also be observed on the film due to the formation

of liquid pool on the surface of the target.[4]

1.2.5. Background gas

In PLD, a background gas is generally used for two main reasons. The first one is the
formation of thin-film materials that requires reactive species (e.g. oxygen for oxides). The
stoichiometry of the films plays an important role in their physical properties. As seen in
the previous sections, the conductivity of metal oxide thin films is influenced by the
oxygen vacancy concentration. The background gas pressure can be controlled over a wide
range of pressures and thus, when using oxygen for metal oxide deposition, the
conductivity of the film can be controlled through the oxygen incorporation during the
film deposition. It is also possible to include a cooling-down step after the high-
temperature deposition by putting a high oxygen pressure in order to incorporate more
oxygen in the film.[4] The second role of the background gas is to reduce the kinetic
energy of the ablated species which are typically on the order of several hundred electron
volts. The background gas allows moderating the plume energy to much less than 1 eV.
The vapour formed by laser ablation compresses the surrounding background gas.

Interaction with the ambient gas slows the plume expansion.[16]

5 mTorr 25 mTorr 50 mTorr 100 mTorr 150 mTorr

Figure 2. 3: Photographs of the plasma plume taken during the deposition at different oxygen pressure.
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Figure 2.3 shows the effect of the background gas pressure on the plasma plume. As the
oxygen pressure increases, the shape of the plume becomes narrower and is more focused

towards its centre.

1.2.6. Target-substrate distance

The distance between target and substrate defines the optimal deposition of the film. If we
consider the particulate-gas collisions, the effects of the background pressure and target-
substrate distances are related. When the background gas pressure increases, the plume
dimensions decrease due to the increase of interactions, see Figure 2.3. Kwok et al.[17]
found a relation linking the pressure P, the target-surface distance d and a positive

exponent function of the material vy,
Equation 2.1 P x d¥Y = constant

1.2.7. Substrate temperature

The nucleation process changes with the surface energies between the substrate and the
condensed species, but it is also greatly dependant on the substrate temperature. The
energy from the substrate temperature helps the organisation and diffusion of the atoms
on the surface of the substrate and thus increases the crystallinity of the film. Due to the
presence of highly energetic species, PLD allows the growth of crystalline films at low
temperature. However, when the oxygen pressure (Pp) is increased, the incident particles
are slowed down which decrease their kinetic energy and thus a higher substrate
temperature is required to obtain crystalline films. The substrate temperature depends on
the desired material and on the crystallinity, however if the deposition is performed at too
elevated temperatures there is a possibility that the films particles re-evaporate from the

surface. [4]

1.3. Issues and practical considerations

Despite the advantages offered by PLD the system presents significant issues, the
challenge of large area deposition. Since the plume is highly directional, the uniformity of
the deposition is only possible over around 4 cm2 Uniform deposition have been
performed on 20 cm diameter substrates, however as the size of the substrate increases,
higher laser power is required to only achieve average film growth rates.[4] Another
problem occurring with PLD is the presence of droplet on the film due to localised melting
of the target. These particles can be up to 1 um large which can be critical in many thin
films applications. Also the fundamental process of PLD is not fully understood due to the

strong non-equilibrium, the modelling of this process is difficult.
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1.4. Summary and system used

PLD is a very precise deposition technique with a simple setup for film formation. The
advantages of this technique includes the stoichiometric transfer from the target to the
film, the possibility to deposit under a wide range of oxygen pressure and thus to control
the electrical conductivity, a high deposition rate and a good control of doping
(preparation of the target) and film growth. PLD is not a technique suited for industrial
application. However, because of its precise control over the dopant incorporation in the
metal oxide lattice and on the film growth, it is a perfect tool to study the deposition,

doping and the properties of tin oxide thin films.

In this work a KrF excimer laser was used as the external source of energy. The laser beam
was oriented in the vacuum chamber through a system of lenses. The specifications of the

laser and the range of parameters used are listed in table 1.1.1.

Table 2. 1: List of laser and deposition parameters used in this work.

Wavelength 248 nm

Repetition rate 8 Hz

Laser parameters Pulse length 25ns
Fluence 2.17 J.cm?

Beam spot size 0.185 cm?

Target - substrate distance 5cm

Background pressure 5*10-2 mTorr

Deposition parameters Effs(;il;leon oxygen 5300 mTorr
Substrate temperature 50-700 °C

2. Characterisation

2.1. Morphology and structure
2.1.1. Profilometer

The profilometer is a topographic tool used mostly for the thickness measurement of thin
films. The principle is similar to the AFM. A stylus is put in contact with a material and
then moved horizontally across the surface of the sample. The stylus does not raster the
surface like AFM but moves in only one direction. As the stylus operates in contact mode,
the topographic variations of the sample induce a vertical displacement of the stylus which
is measured and recorded. The resulting data is a profile line specific of the topography of

the sample along the scanned area.[18]
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In this work a Dektak 150 stylus profilometer was used. Each thickness point was
averaged from several measurements and 5 thickness points were extracted on the
samples deposited by PLD in order to average the thickness over the whole sample. To
expose a sharp step between the deposited film and the substrate, droplets of TiO; paste
(TiO2 powder suspended in isopropanol) were placed on the edges of the substrate and in
the centre before the deposition. The TiO, was then removed by rinsing with isopropanol

to expose the thickness gap.

2.1.2. X-ray diffraction (XRD)
2.1.2.1.  Principle

X-ray diffraction (XRD) is a non-destructive technique using X-rays to extract information
about the crystal structure and phase of a material. The principle of the technique lies
upon an incident beam of X-rays being diffracted at a certain angle when interacting with
the sample and if the condition of the Bragg’s law is respected constructive interferences
will be produced. The X-rays are generated when a potential is applied between a tungsten
coil and a metal sheet (in our case copper). Electrons are emitted from the tungsten coil
and accelerated toward the copper sheet. When striking upon the copper sheet, some of
the inner electrons of the copper atoms are knock out due to the shock leaving the atoms
in an excited state. In order to stabilise the system, an outer electron immediately takes
the place of the missing one. This stabilisation is followed by the emission of X-rays

characteristics of the nature of the electronic transition, Figure 2.4.[19]

K shell

Nucleus ‘
L shell

M shell

Figure 2. 4: Electronic transitions in an atom. The emissions are assigned to the movement of an outer electron
toward the lower shell to replace the missing one and stabilize the atom. The energy and wavelength of the

emission are characteristic of the initial and final shell of the moved electron.

The K, radiation corresponds to the energy emitted during the relaxation of an electron

from the L shell to the K shell. It is the most commonly used due to its short wavelength
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and high energy. Other radiations are emitted corresponding to the other transitions. Each
of these relaxations phenomena is emitted at a particular wavelength and is characteristic
of the material. In the case of copper, the K, is emitted at 1.541 A. It is also important to
note that X-rays are also emitted due to the sudden deceleration of the tungsten electrons.

The wide range of X-rays emitted is known as the continuous spectrum.[19]

When interacting with the atoms of the sample, the sinusoidal nature of the X-ray in the
incident beam causes the electrons to oscillate around their mean position. As a result an
electromagnetic wave of the same wavelength and frequency as the incident X-rays is
produced in all directions. Since the principle of the measurement is to measure a signal
when the diffracted waves lead to constructive interference, the detector is placed at an
angle of reflection equal to the incident angle (6) of the source. Therefore the detector has
to move twice as fast as the source and the resulting angle is given as 20. The principle of
Bragg’s diffraction is shown on Figure 2.5. Constructive interferences are produced when
two waves are in phase. Therefore for interferences to occur, the difference in path of two
beams, initially in phase, must be equal to a whole number of wavelengths in order to
maintain the phase relationship. This happens when the angle 6 meets the conditions of

the Bragg’s equation,[19]
Equation 2.2 nA = 2d siné

Where A is the wavelength of the X-rays, d the spacing between two consecutive

crystalline planes, 6 the Bragg angle and n a whole number.

Incident X-rays Surface normal Diffracted X-rays
7777777777777777777777777777777777 8, ~0 _
d S
ey <
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, : | Crystalline
planes

Figure 2. 5: Schematic representation of the Bragg diffraction occurring in crystalline lattice. The incident X-rays
are diffracted at an angle 6 and then sent in the detector. d is the lattice spacing. The phase of the X-ray wave is

represented in dotted blue line. Picture inspired from [19].
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The constructive interferences are collected at the detector and a series of peaks
appearing at the Bragg angles and whose intensity is related to the amount of crystalline
planes of the same Miller indices parallel to the surface. Each peak obtained is
characteristic of a d-spacing related to a specific plane. All the d-spacings of a material are
specific to its structure, therefore the XRD of a crystalline sample allows to extract the
structural and compositional identity of the material. The composition is not quantitative
but qualitative since the identification is based on the distance between crystalline planes

and some materials only show few or no degree of crystallinity, e.g. amorphous films.

2.1.2.2. Practical considerations and data extracted

It can be seen from Equation 2.2 that the Bragg angle is dependent on the incident
wavelength and it has been shown previously that other type of radiations are generated
from the source, like Kg (A=1.392 A). The use of a filter is required to remove the unwanted
radiation from the source, leaving only the K, radiation. However, the filter is not perfect
and small amount of Kg manages to pass through. This results in the apparition of

additional peaks from diffraction of the same crystallographic plane, as seen on Figure 2.6,
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Figure 2. 6: XRD data for the Si reference oriented (100) showing the peaks originated from the Kai, Koz and Kp. 65

represents the Bragg angle.

As the wavelength of Kg radiation is shorter than that of K, it causes the peak to appear at
a lower angle. Since the filter absorbs a large amount of the initial Kg radiation this peak is
only seen with high degree of crystallinity, in this case a single crystal. It is also important

to note that the K, radiation is in fact composed of two radiation which can’t be separated
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by the filter, Ka (A = 1.541 A) and Kqz (A = 1.544 A) with the intensity of Ku1 twice that of

K. This causes the peaks to split, this effect is more notable at high angle.

As the d-spacing in a crystal is related to lattice parameters it is possible to extract them

for a specific crystalline plane. In the case of tetragonal structure, the lattice parameters

are given by, [19]

. 1 h%2+k? | 12
Equation 2.3 FER +C—2

Where d is the lattice spacing, h, k and 1 the Miller indices of the crystalline plane involved

and a and c the lattice parameter of the tetragonal lattice.

If we consider a perfect infinite crystal, the diffraction would only occur at Bragg angles.
However in a non-ideal finite crystal it is not exactly the case and it results in a peak
broadening due to the detection of diffraction signal over a range of angles, as seen in

Figure 2.7.

a) b)
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Figure 2. 7: Schematic representing the shape of the diffraction peak for a) in a perfect crystal and b) in a non-

ideal crystal with different crystalline sizes with B the Full width half maximum, Ip the maximum intensity of the

peak and 05 the Bragg angle. The crystal shape is represented in grey below the XRD data.

The broadening of the peak is related to the crystallite size and can be extracted by using

the Scherrer equation, [19]

KA

Equation 2.4 T= (B-By) cosbp
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Where 1 is the mean crystallite size, A the wavelength of the source, B the full width half
maximum (FWHM) of the peak, By the instrument broadening (0.08 obtained from silicon
standard), 65 the Bragg angle and K a dimensional shape factor (generally 0.9). In the case
of small crystallite size the peak is broadened while for single crystal a straight line is

obtained.

2.1.2.3. Measurements

The system used in this work was a Panalytical X'Pert Prowith with a Cu X-ray source and
is equipped with a 0.04 rad Soller slits in order to reduce the radiations from the
background. The system was operated at a tension of 40 kV and a current of 40 mA. The
data were acquired using a step size of 0.034 ° 26. Films deposited on a substrate were
levelled by being pressed on sample holder and then rotated at 60 rpm during the
measurements. Powders were pressed and levelled on a different substrate holder and no
spinning was used during the measurements. In order to avoid the presence of the wide
amorphous peak present in quartz, the films were deposited on monocrystalline silicon

substrates.

2.1.3. Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) is a tool using an electron beam to create a
magnified image of the sample. The working principle is similar to optical microscope but
using electrons instead of photons as the source. Since the electron wavelength (1.2 A for
an accelerating voltage of 10 kV[20]) is much smaller than the visible light wavelength
(around 4000 A) the maximum resolution obtained with electrons as a source is greatly

increased for higher magnification imaging.

The electron beam is produced using the field emission gun by holding a potential
difference between the field emission tip and an anode which extracts the electrons from
the tip. The electrons are then accelerated by applying a voltage (the acceleration voltage)
between a cathode and a second anode. Condenser lenses are used to remove the high
angle electrons, scan coils are used to raster the beam across the sample and an objective
lens focuses the beam on the surface of the sample. When electrons interact with matter,
two types of scattering can occur: elastic and inelastic scattering. With an elastic scattering
the trajectory of the electron is changed but not its kinetic energy or its velocity. In the
case of inelastic scattering, an incident electron collides and moves an electron from the
shell of an atom from the sample and put the electron in an excited state. As a result,

various effects can occur such as production of secondary electrons, backscattered
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electrons, X-rays emission, and Auger electrons. These effects are shown on Figure

2.8.[21]

Incident electrons

|

e Auger electrons (1 nm)

Sample

Secondary electrons (5-50 nm)

Backscattered electrons

Characteristic X-rays

Continuum X-rays

Figure 2. 8: Spatial resolution and depth of the Auger electrons, secondary electrons, backscattered electrons and
X-rays produced when an incident electron beam is focused on the surface of a sample. R. represents the electron

depth penetration. Figure adapted from [20].

In SEM, the focus is typically brought on secondary electrons. Because of their low energy
(5 eV), only those very near to the surface (< 10 nm) can exit the sample and be collected.
Therefore their production gives information on the topography of the sample. As we have
seen other effects emerge from the interaction between incident electrons and the sample.
The backscattered electrons are highly energetic electrons originating from the electron
beam that have been reflected or back-scattered by the sample. Their production depends
directly on the atomic number of the atom it had interacted with. The relaxation of excited
atoms can give rise to X-rays and Auger electrons.[20,21] The penetration depth of the
electron beam in the surface of the sample is given by the Kanaya-Okayama formula, with
Re the penetration depth, M the atomic weight, E the beam energy, Z the atomic number

and p the density.[22]

. 0.0276 M E167
Equation 2.5 R, = s,

In this study we used a LEO 1525 Field emission gun scanning electron microscopy
(FEGSEM). The accelerating voltage used was fixed at 5 kV with a chamber vacuum
around 10- Torr. The beam is rastered over the surface and the intensity of the secondary
electron produced is gathered by the detector on a screen in the form of a map
corresponding to the topography of the surface. In order to avoid charge building effects

on the surface which could be caused by resistive materials, the samples were coated by a
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thin conductive layer of metal (Cr or Au). Another alternative is to decrease the

accelerating voltage to reduce the charging effect.

2.1.4. Energy Dispersive X-ray Spectroscopy (EDX)

Energy dispersive X-ray spectroscopy (EDX) is carried out typically in SEM, however the
focus is not on the secondary electrons but on the emitted X-rays. The principle is similar
to the generation of X-ray from a copper sheet in XRD. When the sample is bombarded by
incident electrons, an electron from the inner shell is ejected from the atom on the surface,
Figure 2.4. The electron vacancy is then filled by an electron from the outer shell which is
followed by an emission of X-rays. For each radiation emitted, their wavelength and
energy are specific of the type of electronic transition and of the element emitting the X-
ray. Therefore by knowing the energies associated to the different elements it is possible
to determinate the composition of the sample.[21] As EDX relies on the same type of
structure as SEM, they are often coupled in the same system as to obtain topographic and
compositional information. Similarly to SEM, the electron beam is rastered across the
sample and the measured X-rays intensities are displayed by energy. These peaks are then
compared to a database and assigned to elements.[21] The composition is estimated by

comparing the intensities of the different radiations measured for all elements.

The resolution is governed by the penetration depth and the spreading of the electron
beam, Figure 2.8. For a typical conditions (acceleration voltage of 20 kV), the depth
resolution is about 2 um.[21] This means in the case of thin film the choice of the
substrate is crucial as the film thickness generally does not exceed 500 nm. In this work
we used quartz substrates to avoid the noise from the presence of the secondary elements
often found in floated glass substrates. Other solutions to avoid this problem would be to

increase the film thickness of to decrease the accelerating voltage (Equation 2.5).

EDX is a good elemental analysis technique for qualitative analysis but is limited in term of
quantitivity as the overall accuracy is around 2 %.[21] It is generally considered reliable
when the amount of element present in the film is above 3 at.%. Otherwise the peak
intensity would be too small and could not be distinguished from the noise produced by

the continuum spectrum.

In this work the system used was a JSM 6400 operated at 20 kV acceleration voltage under
high vacuum. The samples were generally coated with a thin conductive layer of metal (Au

or Cr) in order to avoid charging effect on the surface of the sample.
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2.1.5. X-ray photoelectron spectroscopy (XPS)
2.1.5.1.  Principle

X-ray photoelectron spectroscopy (XPS) is an elemental analysis technique first developed
by Dr Siegbahn and his coworkers.[23] XPS is an essential tool for surface analysis as it
allows determination of the elemental composition plus the oxidation state and the
electronic configuration of a material. This technique is based on the photoelectric effect

shown on Figure 2.9.
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Figure 2. 9: Energy level representation for the emission of a photoelectron when an incident photon removes a
core electron from a semi-conductor. Ev and E. are respectively the energy of the valence band maximum and the
conduction band minimum. Ef is the Fermi energy level of the system, ¢ the work function and BE the binding
energy associated to the ejected electron. The electrons are represented by blue circles. Diagram inspired from

[24].

The sample is irradiated by a monoenergetic X-ray beam. The incident X-rays interact with
the atoms at the surface of the sample and some core electrons are knocked out of the
structure. The photoelectrons emitted possess a kinetic energy (KE) directly related to
their binding energy (BE). Therefore by collecting their KE in a detector it is possible to
determine the elements present on the surface of the sample as they possess characteristic
BE. The main setup of an XPS system is constituted of a monoenergetic source of X-ray
using light element such as Al (Ex« = 1.4866 keV) or Mg (Ek« = 1.2566 keV).[20] The
ejected electrons then pass through a cylindrical mirror analyser (CMA). The CMA is
formed of two concentric metal cylinders set at different potentials. The inner part is set at

0 V while the outer part is set at a positive voltage, creating an electric field inside the
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CMA. Due to this electric field, three cases are distinguished; if an electron enter the CMA
with a velocity (KE) too high it will collide with the inner cylinder and if the velocity is too
low it will collide with the outer cylinder. Only electrons with the right kinetic energy pass

through the CMA and are collected in the detector, Figure 2.10.
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Figure 2. 10: Schematic of a typical XPS setup with diagram displaying the behaviour of electrons depending on
their kinetic energy inside the CMA.

The cylinder voltage is changed in order to vary the accepted kinetic energy and for each
KE the amount of electron passing through the CMA to the detector is counted. The kinetic
energy KE is related to the binding energy BE by,[20]

Equation 2.6 BE =hv—KE — ¢

Where hv is the energy of the photons from the source, ¢ is the work function of the
analyser and KE the kinetic energy measured by the detector. Using this equation and by
varying the kinetic energy measured it is possible to gather the different binding energies

measured and to assign them to their respective elements and electronic transitions.

XPS is a surface analysis technique. Though the X-rays penetrate the sample surface up to
micrometres the photoelectrons collected are only obtained from 10-100 A depth below
the surface. This is due to other collisions happening with the electron emitted from the
lower layers of the surface. As the photoelectrons are emitted they might collide with
electrons from the upper layers giving electrons with lower energies. The number of
electrons collected from this phenomenon is much lower than the photoelectron emitted
from the top layers however some still manage to pass through the CMA and constitute a
background noise.[24] Another type of electron also emitted during a XPS analysis is the
Auger electrons. These electrons are produced when a vacancy left by an electron knocked

out of the atom is filled by an electron of higher energy. The excess of energy needs to be
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evacuated and a third electron, the Auger electron, moves out of the atom with the excess

of energy.[24]

2.1.5.2. Data extraction

All XP spectra were recorded using a K-alpha* XPS spectrometer equipped with a MXR3 Al
Ky« monochromated X-ray source (hv = 1486.6 eV). X-ray gun power was set to 72 W (6 mA
and 12 kV). With this X-ray settings, the intensity of the Ag 3ds;> photoemission peak for
an atomically clean Ag sample, recorded at 20 eV pass energy (PE), was 5 x106 counts/s
and the full width at half maximum (FWHM) was 0.58 eV. Binding energy calibration was
made using Au 4f7/, (84.01 eV), Ag 3ds/2 (368.20 eV) and Cu 2ps/2 (932.55 eV). No charge
compensation was used to analyse the samples. Survey scans were acquired using 200 eV
pass energy, 1 eV step size and 100 milliseconds (50 ms x 2 scans) dwell times. All high
resolution spectra for the valence band were acquired using 20 eV pass energy, 0.1 eV step
size and 1 second (50 ms x 20 scans = 1000 ms) dwell times. Samples were prepared by
pressing the sample onto the holder with a metal pin and analysed at an electron take-off
angle normal to the surface with respect to the analyser. Pressure during the
measurement of XP spectra was < 1 x10-8 mbar. The work function of the samples was
determined by measuring the spectrum cut-off and Fermi edge whilst applying a bias of -
30 V to the sample. The cut-off was acquired using 5 eV pass energy, 0.05 eV step size and
1 second (50 ms x 20 scans = 1000 ms) dwell time, and the Fermi edge was acquired using

40 eV pass energy, 0.05 eV step size and 1 second (50 ms x 20 scans = 1000 ms) dwell

time.

Both spectra shifted by the
amount needed to move the Fermi
levelto 0 eV binding energy
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Figure 2. 11: Example of spectrum cut-off (left) and Fermi edge (right) shifted to align the Fermi level at 0 eV
binding energy. The work function is determined with the photon energy and the cut-off. Figure taken from K-

Alphat Surface Analysis operating manual.
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The work function (¢) of the sample is extracted with the cut-off of the spectrum as shown

in Figure 2.11 and using Equation 2.7.
Equation 2.7 @ = hv — (Ekin cut—off T Erermi edge)

Where hv is the energy of the X-ray (1486.6 €V), Eiin cuor the Kinetic energy of the

spectrum cut-off and Erermi edge the Fermi edge energy deviation from 0 eV binding energy.

2.2. Opto-electronic properties
2.2.1. Hall effect measurements

The Hall effect measurement method is commonly used to determine the carrier density,
type, resistivity and mobility of a semiconductor. The Hall effect has been discovered by Dr
Edwin Hall in 1879 when he placed a gold foil into a magnetic field and applied an
electrical current to it. He observed the presence of a transverse voltage across the

material, phenomenon known as the Hall effect.[20]

2.2.1.1.  Basic principle

The Hall effect happens when an electrical current is applied to a material under a
perpendicular magnetic field. A magnetic force Fu perpendicular to the magnetic field is
formed and deviates the charge carrier from the main flow. This magnetic force Fu is given

by Equation 2.8.[20]
Equation 2.8 Fy = q(vB)

Where v is the drift velocity of the charge carriers, q their charge and B is the magnetic
field. The magnetic force pushes the charge carriers at the edge of the sample which
results in a potential difference across the sample perpendicular to both the current flow
and the magnetic field. This potential difference is known as the Hall voltage V. The effect

is represented schematically on Figure 2.12.
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Figure 2. 12: Schematic of the Hall effect in n-type semiconductor of thickness t and width W. I« is the current
applied in the x direction and Bz the magnetic field applied in the z direction. The charge carriers are pushed to
the edges of the sample opposite to the y direction due to the magnetic force Fu. This charge carrier build-up

induces an electric force Fg opposite to Fu along the y axis and a potential difference Vy is measured.

The charge carrier accumulation on one side of the sample creates an electric field E,
resulting in an electric force Fg opposite to Fu and in the same direction as the Hall
voltage is measured. The steady state resulting from the magnetic force, Fu, and the

opposed electric force, Fg, is given by,[20]
Equation 2.9 Fy + Fgp = —quyB, + qE, =0

Considering the relationship between the drift velocity of the charge carriers (v«) and the
current given in Equation 2.10, S being the surface of homogenous width W and thickness

t,[20]

Equation 2.10 I, = Sqnv,

The electric field can then be expressed as a function of I, the current acting through the
material in the x direction, in Equation 2.11.[20]

_ IB,

Equation 2.11 Y~ weqn

Where W is the width of the sample and t its thickness. The Hall voltage can then be given
by,[20]

Equation 2.12 Vy = WE, = % - RHL{BZ

In the case of an n-type semiconductor, the Hall coefficient is inversely proportional to the

charge carrier density,[20]
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Equation 2.13 Ry = —qin

[t can be observed from Equations 2.12 and 2.13 that the Hall voltage is negative when the
main charge carriers are electrons. The case is the opposite if the major carriers are holes
and the Hall voltage would then be positive. Therefore the sign of the Hall voltage gives

information about the nature of the carrier present in the material.

Given that I, B, t and Vy are all measurable, the hall coefficient, Ry, can be calculated and
thus the charge carrier density of the material, n, can be extracted. From the Hall

coefficient the Hall mobility can also be calculated,[20]

R
Equation 2.14 u= llTHl
p is the resistivity of the material and can be extracted using the van der Pauw

methodology, discussed in a few paragraphs.

Alongside the Hall effect another factor is known to influence the measured parameters,
the Hall scattering factor, ru. Therefore Equation 2.13 is scaled upon this factor,[20]

) =_"n
Equation 2.15 Ry = o

Considering the change in Ry all the other equation have to take this change in
consideration and the drift carrier mobility, p, is now defined as the Hall mobility, ps. The
Hall scattering factor is specific of the material and as it is often unknown it is assumed to
be 1. However in the case of Sn0; it has been found to be about 1.01 at 300K [25] leaving

the assumption of ry = 1 correct in our case.

2.2.1.2.  Sample geometry and resistivity

In 1958, van der Pauw found that the Hall effect measurement could be performed on
samples of arbitrary shape as long as the contacts are as small as possible, located at the
periphery of the sample and the sample is free of isolated holes and with a uniform
thickness.[26] Even though the measurement is theoretically possible on an arbitrary
shape, a symmetrical configuration is preferred. Several sample configurations have been
tested such as circle, clove leaf and cross but the easiest one to use is the square as

substrates are easier to produce in this shape, Figure 2.13.
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Figure 2. 13: Schematic representation of a possible symmetrical van der Pauw geometry used in Hall
measurement. The main sample is a grey square of width a and thickness t. The four contacts of width c,
represented by black squares, are dispersed at the four corner of the sample. Each contact is identified by a

number.

In order to extract the resistivity p of the sample displayed in the previous figure, the
system measures the resistances within the sample without applying a magnetic field.
Equation 2.16 details the calculations.[20]

_ Tt (RA+RB)

Equation 2.16 =T 2 f

Where t is the thickness, uniform across the sample, and f the correctional factor which is
equal to 1 when a perfectly symmetrical sample is used with the contacts orthogonal to
each other.[27] This shows the importance of having a homogenous sample when

measuring the resistivity and thus the mobility (Equation 2.14).

Ra and Rg are the resistance measured by applying current between two adjacent contacts
and by measuring the voltage difference between the two remaining contacts, e.g. for Ra
current applied between contact 1 and 2 (I12) and voltage measured between contact 3
and 4 (V3-V4). [20]

Equation 2.17 Ry = Va~Va and Rg = VamVi

I12 I3

2.2.1.3. Additional factors and measurements methods

Considering an ideal Hall effect measurement, the Hall voltage should be zero when no
magnetic field is applied. However during a real measurement the conditions are not ideal
and the measured voltage, Vi, contains errors within the system. Amongst these are the
misalignment voltage V, and the thermoelectric voltage Vre. The misalignment voltage is
due to an asymmetry between the contacts or within the sample[28], while the

thermoelectric voltage is a result of temperature gradient within the Hall sample.[27]
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In order to remove the effect of the misalignment and thermoelectric voltage from the
measured voltage, it is necessary to use a method based on, respectively, current and field
reversal. As the thermoelectric voltage is independent of the current, and by reversing the
current and taking the difference of the two measured voltages it is possible to remove it
from the measured voltage. The same principle can be applied for the misalignment
voltage, considering the thermoelectric voltage is already removed. V, is independent of
the magnetic field however the Hall voltage is not and thus by measuring the voltage at

two different magnetic fields V, can be extracted and removed from the V., equation.

Two types of Hall measurement can be distinguished, DC and AC. DC type of measurement
is suited for high mobility materials. When measuring low mobility materials, the
misalignment voltage becomes larger than the Hall voltage which leads to a large electrical
noise.[27] The minimum mobility that a DC measurement system can measure is 0.1
cm?/(V.s). However this limit can be overcome by using a low frequency AC Hall

measurement system can go down to 10-3 cm?/(V.s).[27]

In AC Hall measurements, the magnetic field is sinusoidal and develops a time
dependency, thus the Hall voltage becomes time dependent with the magnetic field
expressed as B; = Bcos(wt), t being the time and w the frequency.

__ RylIBjcos(wt)

Equation 2.18 Vy .

The main advantage of an AC Hall measurement over a DC is the possibility to extract the
misalignment voltage from the measured voltage even at low mobility. This results in less

error during the measurements and the opportunity to analyse low mobility samples.

For the measurements the films were deposited on squared 1 x 1 cm? quartz samples and
the contact were made on the four corners of the samples using metallic indium. The
resistivity of the films was measured using the Van der Pauw method. AC Hall
measurements were performed using a Lakeshore 8400 system with AC current between
10 nA and 50 mA, and with fixed sinusoidal magnetic field of 1.19 T and of frequency 50 or
100 Hz.

2.2.2. Thin film transistors (TFTs)

Thin-film transistors (TFTs) are three-terminal field-effect devices which modulates the
current flowing in a semiconductor placed between two electrodes (the drain and the
source). In order to control the flow of current through the semiconductor, a third

electrode (the gate) is added and a dielectric layer is placed between the gate and the
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semiconductor. TFTs are a kind of MOSFET (Metal-Oxide Semiconductor Field-Effect
Transistor). The electrical characteristics of a TFT are represented by the field effect
mobility (u), the threshold voltage (V¢), the On/Off ratio and the subthreshold swing (S).
Because fast switching is a key role of TFTs in electronic devices, the aim is to achieve high

mobility, threshold voltage close to zero and subthreshold swing as small as possible.[29]

2.2.2.1.  Operation principle

A voltage is applied across the gate which modulates the current flowing between the
source (S) and the drain (D) electrodes through electrostatic coupling. The source
electrode provides carriers injection into the semiconductor and the drain electrode
extracts them. When a bias voltage (V) is applied between the gate and the source, an
equal and opposite amount of charge is created at both interfaces of the dielectric layer.
The dielectric behaves as a capacitor and an electric field is emitted. If a voltage is applied
between the drain and the source electrode (Vp), charges from the source accumulate at
the semiconductor/dielectric interface due to the electric field. The charges are then
driven through the semiconductor layer forming a channel. This accumulation of mobile

charges occurs at a gate voltage known as the threshold voltage (V).

Considering a n-type semiconductor and in the case of a perfect transistor, if the
polarization is negative (Vg < 0) there is an accumulation of holes (a p-type conducting
channel) at the interface semiconductor-dielectric. In that case no electron can flow
through the channel and the transistor is considered off. Without gate polarization (V¢ = 0)
no conduction channel is formed between the source and drain so the transistor is still off.
When the gate polarization becomes negative (V¢ > 0) electrons accumulate at the
semiconductor dielectric interface creating a n-type conducting channel between the
source and the drain. Electrons can now flow through the channel and the drain current Ip
starts to increase. Before the drain voltage (Vp > 0 for a n-type SC) is applied, the
accumulation of charges at the interface SC/dielectric is constant. However when Vp is
applied a potential gradient increasing from the source to the drain appears in the
channel. As long as Vp does not exceed the voltage difference between the gate voltage and
the threshold voltage (Vp < V¢ - Vi), the system is considered in the linear regime, Figure
2.14.a.[30] Further increase in Vp decreases the accumulation region from the drain until
that region is depleted of carrier. When this region is fully depleted, the channel is said
pinched-off and no further increase in the drain current I4 can be observed. This is the

saturation regime and at this point Vp = Vg - V,, Figure 2.14.b. [29,31]
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Figure 2. 14: Schematic representation of a TFT device operating in a) linear regime with a constant channel and

b) saturation regime with the area close to the drain pinched off. G, S and D are respectively the gate, source and

drain electrodes of the device.

2.2.2.2. Device characterisation

The most important characteristics of a TFT are the mobility (i), the On/Off ratio, the
turn-on voltage (Von) and the subthreshold swing (S). In this work, TFT are only used to
determine the type of carriers as well as the saturation mobility of thin films. These
information can be extracted by measuring the transfer (Ip function of V¢) and output

characteristics (Ip function of Vp) shown in Figure 2.15.
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Figure 2. 15: a) Transfer characteristics of an ideal TFT showing how to report Von and Vi using the square root of
Ip. b) Output characteristics of an ideal TFT showing the linear and saturation regime at different gate voltages.

The trend line shows the evolution of the pinch-off voltage (V:) values when Vi increases. Figure from [32].

The threshold voltage V: corresponds to the gate voltage V; for which the conductive
channel is formed close to the dielectric-semiconductor interface. This value can be easily
determined by plotting the square root of I4 function of Vg. In the saturation regime (Vq =

V, - Vi) the saturation mobility (psac) can be extracted with,[32]

2
; L d’Ipsqr _ 2L (dy/Ipsat
Equation 2.19 =— = —_
q Hsat = yc ~av,2 wc;\ dvg
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Where W is the width of the channel, L the length of the channel, C; the capacitance per
unit area, Ipsar the saturated drain current and V; the gate voltage. psa: is often used to

describe the efficiency of a TFT and is the field effect mobility, urer.

2.2.2.3.  Device architecture and system used

Several types of TFT architecture are possible, in this work coplanar bottom gate
configurations were used. The films were deposited on OFET structures with Au
source/drain, Si0; (230 nm) gate-insulator and Si gate from Fraunhofer. The Substrates
were generation 5 OFETS meaning their channel width is fixed at 2 mm. Each substrate
was composed of 4 sets of channel length (2.5, 5, 10 and 20 pm) each composed of 4
OFETs. To avoid multiple depositions and to reduce the amount of substrates used the
OFETs were cut in 4 (one piece for every channel length) and deposition was performed
on 2 pieces at the same time (20 and 10 um channel length). The pieces with a 20 pm
channel were annealed at 600 °C while those with a 10 um channel were annealed at 700
°C. The system used for the measurements was a MMR probe station combined with an
Agilent 4155 C. The measurements were controlled using the software Desktop Easy

Expert.

2.2.3. Kelvin probe force microscopy (KPFM)
2.2.3.1. Operating principle

The Kelvin probe force microscopy technique is based on the AFM system and was
proposed by Nonnenmacher et al.[33] in 1991. KPFM is a tool used to measure the local
conductive potential difference (CPD) between a conductive AFM tip and a sample. This
CPD (Vcpp) is defined as the difference between the work function of the tip ¢: and the
sample ¢ over the electric charge e, as shown in Equation 2.20.[34]

Pt—Ps

—e

Equation 2.20 Vepp =

The system layout is simple, the sample is placed on a conductive substrate as to avoid
charging effect and is connected to a movable platform. A conductive tip is then brought
above the surface of the sample at a distance d. Three cases can then be observed as

shown on Figure 2.16,
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Figure 2. 16: Schematic representation of the variations of the energy levels with the distance between the
conductive tip ofs the Kelvin probe (represented in grey) and the sample (represented in light blue). On top are
represented the distance between tip and sample, while the bottom part is dedicated to their energy level
diagrams. Three different cases are shown; a) the distance d between tip and sample is too large and no electrical
connection occurs, b) the distance is reduced to di and electrical contact happens with a line-up of the Fermi
levels and the apparition of internal voltage Vcep the contact potential difference, c) The distance d1 is kept but an
external bias Vpc is applied which cancel the internal voltage Vcrp and therefore the previous electric force. ®s and
@, represent the work function of the sample and tip, respectively. Ers and Er: are the Fermi level energies of the

sample and tip, respectively, and Ey the vaccum energy level. Schematic based on Melitz et al.[34]

In the first case, Figure 2.16.a, the distance between the tip and the sample is too large and
no electrical connection is established. When the distance is decrease up to a point where
the tip and the sample are close enough to permit electron tunnelling, electrical contact
occurs, the Fermi level energies line-up and the system reaches an equilibrium, Figure
2.16.b. Both surfaces become charged and a potential difference appears, Vcep, between
the tip and the sample. Due to the presence of charges on the surface of the tip and the
sample, an electric force acts on the contact area. However this force can be compensated
by applying an external bias, Vpc, between the tip and the sample with the same magnitude
as Vepp but in the opposite direction. Knowing Vepp from the applied voltage Vi it is
possible to extract the work function ¢s of the sample if the work function of the tip ¢ is

known using Equation 2.20.[34,35]

During the measurement an AC voltage (Vac) is applied to the tip along with a DC voltage

(Vbc). The AC voltage generates oscillating electrical forces between the tip and the sample
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and those are nullified when Vpc compensate Vepp. The electrostatic force present between

the tip and the sample is shown in Equation 2.21.
Equation 2.21 Fos(z) = — %AV2 %

Where C is the capacitance along the direction z normal to the sample surface and AV is
the potential difference between sample potential and the voltage applied at the tip. As the
external bias is composed of Vpc and Vacsin(wt) where w is the frequency and t the time,

AV is expressed by,
Equation 2.22 AV = (VDC i VCPD) + VACsin((l)t)

By replacing AV from Equation 2.22 by its developed term in Equation 2.21, the

electrostatic force can be expressed in three parts,[34]

Equation 2.23 Fos = Fpc + F, + F,,

. ac(z) [1
Equatlon 2.24 FDC = - 9z I:E (VDC i VCPD)Z]

. aC(z) .
Equatlon 2.25 Fw = — £ (VDC + VCPD)VACSIH(wt)
Equation 2.26 Fp = aC(Z)EVACZ[COS(Z(UL“) —1]

0z 4

Fpc induces a static deflection on the tip and F», is used for capacitance microscopy [34].
However F,, is used to measure Vcpp. When Vpc reaches the complementary value of Vepp,
the oscillating electrical forces between the tip and the sample are nullified and thus the

work function difference between the tip and the sample can be extracted.

2.2.3.2. Considerations with semiconductors

It is also important to note that Equation 2.25 is valid only when using a metallic tip and
sample. In the case of a semiconductor the measurement may be affected by the presence
of a space-charge layer (SCL).[20,34] When a positive (negative) charge is put at the
surface of a material, the surrounding electrons (holes) rearrange to compensate the extra
charge. They screen it such that deeper in the material the electric field created from the
charge disappear. The screening range is governed by the electron (hole) concentration. In
the case of metals with carrier concentration about 1022 cm-3 the screening length is on the
order of atomic distance while for SC the carrier concentration is much lower (about <
1020 cm3) resulting in a much larger screening range (about 10 nm depending on the

carrier concentration).[36] The screening region is called the space-charge layer (SCL). In
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the bulk of a material the Fermi level is governed by the bulk doping level and intrinsic
defects. Considering the case of a n-type SC, the formation of acceptor-like surface states is
possible and their position with respect to the Fermi level is fixed. Since Er is close to the
CBM in n-type SC, Er would be far above the acceptor surface states (close to the VBM) and
thus they would be fully ionised (filled with electron). This charge build-up on the surface
is not stable and a deformation of the band structure is required to compensate them. A
band bending of the bands near the surface places Er below the donor defect transition
level (Ep) and allows the defect states to be depleted of electrons, thus compensating the
negative charge formed by the acceptor states. The position of the Fermi level at the
surface and the amount of band bending are determined by the charge neutrality. In n-
type SC, three cases of SCL can be distinguished: depletion, inversion and accumulation.
They are illustrated on Figure 2.17. The depletion type of SCL is the case explained before
where the presence of acceptor-like surface states induce an upward band bending
decreasing the density of n-type charge carrier near the surface with respect to the bulk.
The inversion SCL occurs at higher density of acceptor surface states at lower energies in
the band gap. In this case the band bending becomes so strong that the intrinsic energy E;

cross Er. The intrinsic energy level E; is defined by,

Ec+E 1 N,
Equation 2.27 E; = % —SkgTin (Nf,ff)
eff

Where Ec and Ey are the energies of the CBM and VBM, and NC¢ and NV the effective Cb

and VB density of states respectively.

E Depletion E Inversion E Accumulation

N, z N.. z N z

Figure 2. 17: Band diagram function of the thickness with respect to the SC surface in the case of depletion,
inversion and accumulation SCL in a n-type SC. Ei and Ep represents the intrinsic and donor defect levels
respectively. Nss is the density of surface states, and As and Ds the surface acceptor and donor states respectively.

Diagram taken from ref [36].
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When Er > E; the SC is considered n-type but when Er < E; the SC is p-type. When E; crosses
the Fermi level, the type of carrier changes from electrons (bulk) to holes (surface), thus
the name of inversion SCL. The last type of SCL is an accumulation of electron which
requires the presence of donor-type surface states (Ds). If these states are high enough in
energy (above Er) they are ionised and carry a positive charge which is compensated by an
electron accumulation in the CB below the surface, inducing a downward band bending.

When dealing with a p-type SC, the situation is reversed.

The presence of surface band bending induced by surface states affect the Kelvin probe
(KP) measurement by changing the work function ¢ at the surface as shown on Figure

2.18.

E E E
Upward band-bending No band-bending Downward band-bending
Eiac Evac Evac
¢y
b
: b;

T CBM CBM CBM

""""""""""""""""""""""" E: T R =
s VBM VBM VBM
i Z z

G, > b, > Dy

Figure 2. 18: Changes in work function ¢ with the different type of band bending in an n-type SC. Evac represents

the Vacuum level.

In the case of an upward band bending, since the vacuum level is bended accordingly to
the other bands, the work function measured is higher than the bulk work function. The
opposite happens for a downward band bending. The work function measured with Kelvin
probe needs to be considered as a surface measurement and not a clear indication of the
bulk properties since the contact potential difference measured depends on Er, adsorption

layers (surface dipoles), surface states and doping.[36]

2.2.3.3.  Kelvin probe (KP) measurements

The films were deposited on a conductive substrate in order to avoid charging effect
during the measurement. The substrates used were all ITO on glass except for chapter 4
where silicon substrates had to be used under the annealing conditions. The instrument

used for the measurement was a SKP5050 from KP Technology with a stainless steel tip.
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The machine provides the difference between the work function of the tip and the work
function of the sample and a reference is taken by performing the measurement on a silver
sample. The own work function of silver is formerly measured before each KP

measurement using photoelectron spectroscopy.[37]

2.2.4. Ultraviolet-Visible spectroscopy

In ultraviolet-visible (UV-Vis) spectroscopy, a monochromatic source is used to emit a
light at a specific wavelength on a sample. The transmitted light is collected in a detector
and the ratio between the intensity of the collected light and the intensity of the incident
light (Io) is calculated, it correspond to the transmission of the sample at this specific
wavelength. The wavelength of the source is varied and the transmission spectrum is
collected over the selected range of wavelengths. The amount of light transmitted through
the sample is function of several parameters including reflections from the surfaces,
scattering of the light and electronic transitions within the material. Considering this work
is focused on semiconductors, the amount of light transmitted (or absorbed) is directly
related to the band gap E; of the material. If the incident light wavelength is low enough to
cover the energy of the semiconductor optical band gap a part of the light is absorbed by

the semiconductor.

In this work, the UV-vis spectroscopy technique is used to look at two aspects of our thin
films; the amount of light transmitted in the visible region often used as a characterisation
for TCOs and the determination of the band gap characteristic of the material. As SnO; is a
direct band gap metal oxide, the optical band gap (Eg) metal oxide film can be calculated

using the Tauc model, [38]
Equation 2.28 (ahv)? = A(hv — Eg)

Where hv is the photon energy and A is a constant. The band gap can then be determined
from the intercept of the extrapolated linear part of the curve with the energy axis. By
plotting (ahv)? function of the energy, we can extract the value of the band gap by

extrapolating the linear part of the curve with the energy axis, Figure 2.19.
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(ahv)?

E (eV) - E ,=3.69eV

Figure 2. 19: Tauc plot for a Sn0: film deposited by PLD at 600 °C and under 100 mTorr. The extracted Eq value is
3.69el.

The system used in this work was a Bentham 605 custom optical bench with a range of
250 to 800 nm and a 1 nm step size. The background was measured in air and the spot

radius was about 2 mm. The data was collected using BenWin+ software.

2.2.5. Photovoltaic devices (PV)

Photovoltaic (PV) devices convert incident energy (light) into electrical energy. An
incident light is absorbed by a photoactive material which generates charge carriers.
These charge carriers are then separated and driven towards their respective electrodes
due to the presence of an internal electric field. Due to the collection of charge carriers at
the electrode, a potential difference at open circuit voltage (V=0) V.. appears and a

photocurrent density at short-circuit (J=0) Js is generated.

2.2.5.1. Measurement

The characteristics of a PV device are obtained by measuring the current density ] function
of an applied bias V in the dark and under illumination. The operation of a PV device under

both conditions is displayed on Figure 2.20.
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«— In the dark
V
Voltage (V) =
Vm/
Current density
(mA/cm?) Measured FF< 1
f— Under light
Pmax
In ~— Ideal FF=1
w1
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Figure 2. 20: ]J-V characteristics of an OPV device operating in the dark or under an incident light. Voc is the open-
circuit (J = 0 mA.cm2) voltage, Jsc the short-circuit (V = 0 V) current density and FF the fill factor (< 1 for a non-

ideal device). Pmax is the maximum power density and is given by the grey rectangle Jm X V.

In the dark the PV device behaves like a diode with a current flowing through only when
the forward bias applied is above a threshold voltage. Under illumination, photocurrent is
generated by the PV device. This photocurrent is directly proportional to the incident light

intensity.

PV devices are generally represented by 4 main parameters: the open-circuit voltage V.,
the short-circuit current Js, the fill factor FF and the efficiency 1. Vo reprensents the
potential difference measured when J=0. It corresponds to the amount of bias created
from the light generated current on the PV device. ] is the current density of the device
when no bias is applied (V=0). It is due to the amount of charge carriers reaching
successfully their respective electrode after being formed under illumination. Js
represents the largest current density that can be produced by the device. Despite V.. and
Jsc being the maximum of respectively the voltage and photocurrent generated, the power
density of the device at each of these point is 0 since the power density can be expressed

as,[39]
Equation 2.29 P=]V

Where ] is the current density measured and V the voltage applied. Pmax is the maximum
power density reached by the device, sown on Figure 2.20, and reaches a maximum at a

given point.

Since the device is not ideal another parameter, the fill factor FF, has to be considered in

the calculation of Pmax. FF represent the ‘squareness’ of a PV’s curve and is defined by,
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Equation 2.30 FF = tmJm
VOC ]SC

Where Vy, and ], are respectively the voltage and the current density corresponding to the

point maximum power density. Knowing the fill factor it is possible to calculate Pmax by,
Equation 2.31 Prax = Voc Jsc FF

Finally the overall efficiency of the PV device is given by the ratio between the maximum

power density generated and the incident light power density Piy,

P v, FF
Equation 2.32 n=-"1%%= YocJse FF

Pin Pin
In the case of non-deal PV devices, several factors influence the FF and therefore reduce
the performance of the cell. By looking at the equivalent circuit for a PV device, Figure
2.21, we can observe the presence of two resistances: the series resistance Rs and the

shunt resistance Rsp.
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Figure 2. 21: Equivalent circuit of a photovoltaic device under incident light of energy hv. I is the photo-
generated current, Ip the current of the device in the dark, V the voltage measured and Rs and Rsh the series and

shunt resistance respectively.

These resistances do not affect the Jsc or the V. but they have a considerable impact on the
FF and thus the overall efficiency. Rs affect the slope of the curve at the open circuit point
and R, affects the slope of the curve at the short-circuit point. The series resistance R; is
due to the electrical resistance of the device, of the materials and at the interfaces, while
the shunt resistance Rg, arises from leakage current in the device. Both Rs and Rs, can be
evaluated by extrapolating the slope of the J-V curve at the point of short-circuit (as;) and

at the point of open circuit (a.c) respectively.[39]

Equation 2.33 R = ! and Ry, =

AgcS
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S is the surface of the active area under illumination, in this work S = 0.045 cm?.

% - R b) Voltage
i \ a,=1/(R..S) z
Y =
Voltage : Y g
3 3
=y y
§ P 4 R, decreases
2 \
= s
g e
e r .
= '.
% P W V/( W0

R, increases |

Figure 2. 22: -V characteristics of PV devices under illumination when a) the series resistance Rs increases with
an infinite shunt resistance Rs» and b) Rsh decreases with Rs fixe at zero. asc is the slope of the J-V curve in open
circuit conditions (J=0) and aoc is the slope of the J-V curve in short circuit conditions (V=0). S is the surface of the

active area of the device.

2.2.5.2. Device structure and materials used

The architecture used in this work was an inverted structure as presented on Figure

2.21.[40]
Anode (Ag)
HTL/EBL(MoOS)w\Q \
Donor \
NN

Acceptor ——
ETL/HBL (studied film)

Cathode (ITO)
Glass substrate

Figure 2. 23: Schematic of the type of OPV device used in this work. HTL and ETL being the hole and electron

transporting layer respectively. HBL and EBL being the hole and electron blocking layer respectively.

The studied part of the device is the electron transporting layer (ETL) which was
deposited by PLD on ITO/Glass substrates. The active layer was prepared from a 1:1 blend
of P3HT:ICBA diluted at 40 mg/mL in chlorobenzene and spin coated at 2000 rpm and for
40 s on the ETL. Finally 10 nm of molybdenum oxide (MoO3) as the hole transporting layer
(HTL) and 100 nm of silver as the metallic contact were deposited by evaporation. The
performances of the devices were measured using an AM1.5 Solar Simulator. The surface

of the active area under illumination, in this work is S = 0.045 cm?2.
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Chapter 3: Study and control of intrinsic
defects in undoped Sn0O:

Sn0; has been used in multiple applications such as conducting electrodes, transparent
transistors, photovoltaics, sensors and LEDs[1-5] but the origin of its conductivity has yet
to be fully understood. While several theoretical analyses were focused on the intrinsic
defects responsible for its n-type conductivity, few studies correlate these results to the
experimental work. This is particularly true in the development of p-type conductivity in
Sn0; where the formation of n-type defect must be controlled. Although p-type doping of
SnO; using extrinsic dopants such as Al[6], Ga[7], In[8] and Zn[9] has been reported, few
of these studies take in consideration the importance of controlling the growth
environment and establishing “p-type compatible” conditions. The electrical performances
of the films are highlighted rather than the defect mechanism behind it. The formation
energy of defects is related to the amount of oxygen in the system and thus their control

implies a regulation of the oxygen content during the deposition.

PLD is a versatile deposition technique suited for this type of study. As mentioned in
section 2.1 it is a vacuum deposition technique, i.e. deposition in confined environment,
and allows good control of the film growth through its variables such as temperature,
oxygen pressure, laser fluence, repetition rate and pulse duration.[10,11] PLD has been
used as a tool to deposit epitaxial or low resistivity SnO; thin films[1,12,13] however up to
date no clear investigation on the origin of the variations in conductivity has been carried.
This particular part is essential in the control of defect formation through the deposition
parameters, be it for n-type TCOs where donor defects are required or for p-type doping
where intrinsic donor defects must be limited. The study of point defects function of the
environment has been mostly investigated theoretically while PLD offers efficient control

over the deposition conditions.

The study in this chapter is split in 4 parts. A first preliminary investigation on primordial
parameters such as laser fluence and sample positioning is carried out. The second and
third parts are focused on the variation of simple deposition parameters such as
deposition temperature (Tp) and oxygen pressure (Pp) to show relative control over defect
formation can be achieved by carefully selecting them. Particular attention will be paid

upon the determination of a “p-type compatible” environment for which Tp and Pp limit

115



the formation of n-type defects. Finally the interest is brought on the influence of the

target composition on the properties of the films.

1. Determining optimum pulsed laser deposition parameters
1.1. General conditions

1.1.1. Target used

The preparation of pure SnO; ceramic targets for PLD using SnO, powders is known to be
problematic.[14] Here, sintering tests were performed under different conditions (1000-
1300 °C for 10h in air) however the densities of the targets were less than 50 % of the
theoretical maximum density of SnO (6.95 g/cm3). Similar results have been reported by
Lee et al.[15]. Sintering process such as 10 h at 1000 °C were applied to SnO, compacted
powder, but they observed no densification occurred during the sintering, with densities
between 33 and 55 % of the theoretical maximum of SnO.. In this case, the use of additives
or dopants is required to promote the densification. Zn has been identified as a
densification aid for SnO; and this matter is discussed in appendix 1. Since the preparation
of a pure SnO; target requires additives, a commercial target was used with a purity of

99.99 % and a density > 95 %.

1.1.2. Laser parameters

In the literature, the PLD of SnO; thin films performed with a KrF excimer laser has been
reported at various laser fluences. The selection of the laser fluence generally varies with
the repetition rate and pulse duration associated. Several reports associated a fluence
between 4 and 6 ]/cm? with a repetition of 30 Hz but a small pulse duration of 12 ns.[16-
18] Other reports[19,20] mention a higher pulse duration (25 ns) associated with lower
repetition rate (< 10 Hz) and fluence (1-2 ]J/cm?) to avoid the projection of liquid droplet
on the film from the melting of the target surface.[10] The laser system used in this work
allows a pulse duration of 25 ns and a repetition rate between 1 and 10 Hz. In order to
determine the optimum laser fluence for the depositions, the repetition rate was fixed at 8
Hz and the fluence varied between 1.6 and 3 ]J/cm2. The films were deposited at a
substrate temperature (Tp) of 300 °C and under a background oxygen pressure (Pp) of 50
mTorr. The SEM images shown on Figure 3.1 highlight the presence of micron size
droplets ejected from the target during the deposition for films deposited at fluence > 2.4

J/cmz2.
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Figure 3. 1: Scanning electron microscope images of SnO: films deposited at 300 °C and under 50 mTorr

displaying the presence of droplets on the surface of the films at laser fluence a) 2.7 ]/cm? and b) 3 J/cm?.

A fluence of 2.4 J/cm? appears to be the limit for the system used for the formation of
surface droplets on the film. Therefore to avoid their formation the fluence corresponding
to 2.2 J/cmz2 is used for all the experiments. This fluence is in agreement with some reports
using similar pulse duration and repetition rates.[19,20] Even though the formation of
droplets cannot be completely suppressed it can be limited by controlling the laser energy,

in this case the fluence.[10]

1.1.3. Substrates

The SnO; films were deposited on three different substrates; i) 10 mm x 10 mm quartz, ii)

single crystal (100) oriented silicon and iii) ITO coated glass.
i) 10 mm x 10 mm square quartz

These substrates were used to provide a non-conductive, symmetrical substrate for the
Hall measurements using the Van der Pauw configuration. Quartz was selected for its
transparency in the UV-visible region and for its thermal stability. It is not mentioned in
this chapter but the quartz samples are also used to sustain high temperature annealing

(up to 700 °C).
ii) Single crystal (100) oriented silicon

Silicon substrates were used to perform X-Ray diffraction (XRD) analysis without having
the broad amorphous peak associated with the quartz substrate. They also provide a
conductive base and are suited for X-ray Photoelectron spectroscopy (XPS). Their
conductive behaviour is used in chapter 4 to perform KP as a conductive layer below the
thin films is required to evacuate the electrons and ITO substrates do not resist high

temperatures (above 700 °C).
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iii) ITO coated glass

Commercial ITO coated glass samples of 12 mm x 12 mm with 12 mm x 8 mm active area
were used for KPFM analysis as a conductive substrate is required to avoid any charging

effect on the sample.

1.2. Effect of spatial distribution of the plasma plume

PLD is well known for its limitations in large area deposition and its non-uniformity in the
spatial distribution of deposited material.[10] Due to the highly oriented plasma plume,
more material is deposited at the centre of the plume.[21] However Hall measurement of
thin films requires homogenous film thickness. In order to observe the spatial distribution
of the plasma plume, Sn0O; thin films were deposited at 600 °C and 100 mTorr on glass, Si
and ITO substrates. The substrates were distributed at defined positions on the sample
holder (within a 5 cm diameter circular surface) allowing us to perform thickness, XRD
and KPFM measurements. Series of 3000 laser pulses at 8 Hz were performed during each
deposition (375 s). The thickness and work function spatial distributions are displayed in
Figure 3.2. The work function (WF) represents the energy difference between the vacuum

level and the Fermi level of the material.

Deviation (%) Deviation (%)

% (cm) X (cm)
Thickness distribution Work function distribution

Figure 3. 2: Spatial distribution of SnO: films deposited at 600 °C and under 100 mTorr showing a) the film
thickness across the sample holder (grey circle) and b) the work function (WF) of the samples. The scales show the
deviations from the centre of the plume (x =y = 0). The point at the centre is represented by a thickness of 364 nm

and a WF of 4.56 eV. The dotted squares represent the emplacements of the substrates.

In the case of the thickness distribution 13 glass substrates (dotted squares in Figure
3.2.a) were used with 9 points measured on each sample. Regarding the WF distribution,

only 10 ITO substrates were used as they are larger (12 mm x 12 mm) and only one
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measurement was performed on each sample due to averaging of the KP technique and
the difficulty to position the probe at a specific area of the sample. The thickness profile
shown on Figure 3.2.a shows a significant decrease of thickness from the centre (364 nm)
to the edge (69 nm). This shows important differences in growth rate with the position of
the sample. It varies from 0.97 nm/s in the centre to 0.17 nm/s at the edge. The most
important drop in thickness seems to appear after the region [-0.5 cm < x < 0.5 cm] and [-
1.5 cm <y < 0.5 cm]. Outside this region deviations above 20 % of the central thickness are
observed. The most uniform region remains the core centre [-0.5 cm < x < 0.5 cm] and [-
0.5 cm <y < 0.5 cm] where the deviations do not exceed 10 %. This region is identified as
ideal for the deposition of the films on quartz substrate subject to Hall measurements as
its shows the most homogenous thickness. However the centre of the plume is not
necessarily at the centre of the substrate holder. It depends on the area of the target where
the laser is focused, and on the surface of the target (if it is flat or not). For fresh targets
the centre of the plume is generally the centre of the holder but for targets exposed to
multiple laser pulses the centre of the plume moves away from the centre of the holder as

the laser etches the target and its surface is not flat anymore.

Even though the non-uniformity of the spatial distribution of the deposited material in
PLD is often correlated to a non-homogenous thickness profile it is not the main problem.
As shown on Figure 3.2.b, not only the thickness is non-uniform but also the properties of
the film, in this case the WF. Due to the non-homogeneity of the plume the kinetic energy
form the species is different within the plume.[22] Changes in the particle energy are
accompanied by systematic modification of texture and microstructure.[11] These
changes induce variation of the properties of the film such as WF which is directly related
to the Fermi level. The position of the Fermi level is known to be linked to the growth

orientation of a material.[23]

The XRD data of SnO; films deposited at 600 °C and 100 mTorr with the substrate placed

at the centre of the plume is shown in Figure 3.3.
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Figure 3. 3: X-Ray diffraction data of SnO: film deposited on Silicon substrate at 600 °C and under an oxygen
background pressure of 100 mTorr. The main diffraction peaks from SnO: power pattern are represented by

dotted lines.

Five main diffraction peaks appear at 20: 26.7, 34.1, 38.2, 52.0 and 54.9 °. The peak located
at 33.1 ° belongs to the Silicon substrate. From the peak positions observed, it can be
confirmed that SnO; films with a rutile structure were grown and the diffraction peaks
belong respectively to the (110), (101), (200), (211) and (220) planes. A small presence of
some (111) orientation can also be observed at 39 °. The films deposited are not purely
formed of rutile SnO; as some trace characteristic of the (110) orthorhombic form of Sn0»
is detected at 24.6 °. Generally a single peak is not enough to characterize the presence of a
structure but regarding the element present during the analysis, Sn, O and Si, only this
plane matches the diffraction peak observed. Its presence is recurrent during the
depositions and has also been observed in literature.[24] However the intensity of this
peak is small compared to other diffraction peak and thus the orthorhombic phase is
considered to be present in negligible quantities. All the properties of the films are

attributed to the rutile phase observed.

In order to consider the impact of the non-uniformity of the plasma plume on the
crystalline growth, the plume profile analysis has also been carried out through XRD. As
the main orientation remains the (110) regardless of the substrate position and as the
peak intensity is thickness related, the variation from the (101) to the (200) orientations
were investigated. Figure 3.4 shows the spatial distribution of the ratio between the

intensity of the (101) and the (200) diffraction peaks.
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Figure 3. 4: Spatial distribution of SnO: films deposited at 600 C and under 100 mTorr showing intensity ratio
between the (101) and the (200) diffraction peaks. The XRD data of several points (1-5) is displayed on the right.

The dotted squares represent the emplacement of the Si substrates used.

13 Si substrates were used and since XRD scans the whole sample only one measurement
per sample was performed. It can be observed from the WF distribution and from the
secondary orientation intensity ratio that the deviation from the centre of the holder is
less important than with the thickness profile. In the case of the WF profile the region of [-
1 cocm<x<1cm]and[-1 cm <y < 1 cm] shows the least deviation with only 5 %
corresponding to a variation of 0.02 eV from the centre. The growth orientation of a wider
region of [-1 cm < x <1 cm] and [-2 cm <y < 1 cm] has been identified to contain the

lowest deviation.

Considering these measurements it is fair to assume that the region [-0.5 cm < x < 0.5 cm]
and [-0.5 cm <y < 0.5 cm] is the most uniform in term of thickness and film properties
(considering only the WF and the growth orientation), and that the substrates used for the

depositions should be placed in this particular region. Furthermore the shape of the plume
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is subject to the oxygen background pressure used during the deposition and is known to
be more compressed at higher Pp.[10] This leads to a more focused plume and an even
larger non-uniformity of the material deposited, thus a larger error outside the centre of

the plume.

2. Influence of deposition temperature on SnO: thin films

In order to observe the behaviour of intrinsic point defects in SnO, with the deposition
temperature (Tp), the films were deposited under fixed oxygen background pressure of
100 mTorr while varying Tp between 300 and 700 °C. The films were deposited on quartz,

silicon (100) and ITO covered glass substrates.

2.1. Crystalline structure

The XRD data for the SnO; films deposited between 300 and 700 °C is shown on Figure 3.5

along with the stick pattern corresponding to the SnO; diffraction peaks.
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Figure 3. 5: XRD data for the SnO: films prepared at a fixed oxygen pressure of 100 mTorr with temperature
varied from 300-700 °C. The major peaks identified belong to SnO: phase and are represented on experimental
data with stick reference pattern (**) and dashed lines derived from ICDD 01-077-0452. The Si substrate peaks
are clearly identified in addition to a small peaks attributed to a minor SnO phase (*) and a minor orthorhombic

Sn0z phases (o).

The films grown exhibit mainly the Cassiterite phase (rutile Sn0O;) with some presence of
orthorhombic Sn0O; and SnO at a 26 angle of 24.6 and 29 °, respectively, but in very low
quantity. The crystallinity seems to start only at Tp of 400 °C, below which the films are
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amorphous. The crystalline films exhibit a strong (110) orientation with diffraction from
the (101), (200) and (211) planes to different extents. The growth orientations obtained
are coherent with the literature[25] and as expected from previous studies the
crystallinity of the films, given by the intensity of the diffraction peaks, increases with

temperature.[26]

Since the position of the plane’s diffraction peaks is linked to the magnitude of the d-
spacing between crystallographic planes, a shift of the peak position is attributed to a
variation in the d-spacing size. When measuring the changes of 20 of a diffraction peak, the
error is reduced at higher angles as d-spacing varies as a function of 1/sin6. Therefore a
small variation of 20 at small angles lead to a large variation of d, while at large angles the
variation has much less impact on the d-spacing. For this reason the d-spacing was
extracted from the (200) peak observed despite its lower intensity. Another reason is that
in chapter 4, (200) is the dominant peak and the values are compared to this chapter. The
variation of the (200) diffraction peak function of Tp are shown in Figure 3.6.a. The peak
shifts observed are related to changes in the a-lattice parameter through the d-spacing.
This can be calculated using Equation 3.1, here h, k and | are the Miller indexes of the

diffracting planes:

, 1 h2+k% 12
Equation 3.1 T a2 +§

The calculated a-lattice parameters are shown on Figure 3.6.b.
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Figure 3. 6: a) XRD data of deposited SnOz under 100 mTorr showing the shift in (200) peak. b) Calculated a-

lattice parameter from the XRD (200) peak shift function of the deposition temperature.
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From 400 to 600 °C a shift of the (200) diffraction peak towards higher angles is observed.
This is translated by a decrease of the lattice parameter a in this range of temperature
however for the film deposited at 700 °C a shift towards lower angle appears and thus an
important increase of the a-lattice parameter. Such changes are indicative of intrinsic
point defects in the films. In section 1.2.2.1 the impact of the some defects on the strain in
the lattice has been discussed. It has been noted that while tin interstitials induced an
increase of the lattice size in its ionized form (Sn;"), the presence of Vo can either compress
or expand the lattice size function of its charge state. A doubly charged oxygen vacancy
(V) increase the size of the lattice due to Coulombic repulsion but in the case of a neutral
oxygen vacancy (V3) the three nearest Sn atoms have been found to relax inwards, leading
to a compression of the lattice.[27] Oxygen interstitials would also induce an increase of
the lattice size.[28] In order to probe the origin of these lattice size variations, Hall

measurements, KP and band gap extractions have been carried out in the next section.

2.2. Electrical properties and identification of defect species

The carrier concentrations of the deposited films have been extracted through AC Hall

measurements and are shown in Figure 3.7.
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Figure 3. 7: Charge carrier (electron) concentrations of the Sn0O: films deposited over the temperature range 300~

700 °C, measured by AC Hall effect.

The data indicates a clear reduction in the n-type charge carrier concentration by about 3-
orders of magnitude (from 2 x 101 to 2 x 1016 cm-3) with increasing temperature. This

suggests either the decrease of n-type donor defects (Sn; and Vo) or the formation of p-
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type acceptor defects (0i). As the carrier concentration drops past 400 °C, the behaviour of
the resistivity is partly ruled by it and the conductivity of the films decreases with

increasing temperature as shown in Table 3.1.

Table 3. 1: Details of SnO: films thickness, sheet resistance, Hall resistivity, carrier concentration, Hall mobility,
band gap (extracted by UV-Vis) and work function (WF). The dotted line above Tp of 300 °C separates films which

are mostly amorphous to crystalline films.

Tp | Thickness Hallresistivity Carrier concentration Hall mobility Bandgap WF
°C nm Q.cm cm-3 cm?/(V.s) eV eV
300 143 1.63 1.83 x1019 0.21 3.28 4.75
400 141 2.91x101 1.73 x1019 1.24 3.64 4.58
500 136 2.12x101 5.92 x1017 0.50 3.64 4.54
600 130 1.44 x102 5.11x1017 0.09 3.65 4.55

700 127 2.93x103 2.21x1016 0.10 3.69 --

The optical band gap (E,) values of the films were extracted using the Tauc plot method
for direct band gap semiconductors and are displayed alongside the WF measured by KP

in Figure 3.8.

3.8+ -4.4
-m
A
[ SRl [ coafy-
AT —
3.6 F46 S
o c
o 2
@ &)
o)) c
ke A =
c X
8 3.4 4 4.8 5
; =
K
3.2 T T T T T T T T T 5.0
300 400 500 600 700
T, (°C)

Figure 3. 8: Data of the optical band gap calculated from Tauc analysis of UV-Vis data and measured WF of the
films deposited over the temperature range 300-700 °C measured by KP.

Above 400 °C, the Eg values are around 3.6 eV which is in agreement with results found in
literature.[29] At 300 °C a drop of almost 0.4 eV is observed and E; reaches its lowest
value of 3.28 eV. Alongside the low value of Eg, the Fermi level (Er) is found to drop at this
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temperature as well (through the WF measurement). This has been attributed to a band
tailing effect which is common in amorphous semiconductors.[30]. The WF position is a
product of the electron chemical potential and surface dipole. The surface dipole is
affected by the surface roughness of the film[31-33] and the most exposed crystal
surface[23] which is the main crystalline orientation. Thin films deposited by PLD have
been known for their low roughness.[10] The smoothness of the deposited films is
apparent from the Fabry-Perot interference fringes[34] observed in Figure 3.9 showing

the UV-Vis data and the band gap extraction of the films.
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Figure 3. 9: UV-Visible spectroscopy of the Sn0: films deposited within the range of temperature 300-700 °C and
measured between 300 and 800 nm. The second data in the smaller Figure represents the Tauc plot to extract the

values of Eq from the deposited films.

The deposited films present a remarkably flat surface and the main growth orientation
remains along the (100) crystallographic plane over the range of Tp investigated. Based on
this it seems reasonable to assume that the contribution from the surface dipole is
negligible compared with the electron chemical potential which is directly influenced by
the phase and structure of the films, their stoichiometry and the presence of defects.[35]
More precisely, the existence of intrinsic or extrinsic defects is known to have a direct
impact on the position of Er[36-38] They can form additional occupied or unoccupied
states within or outside the band gap changing the carrier concentration and shifting the
Er consequently. In Figure 3.10 the energy levels of some crystalline point defects present

in the SnO; system are shown. This diagram gathers the different defect transition levels,

126



€(q/q’) where q and q’ are two charge states of the defect, extracted from literature
calculations. In most models used in such calculations, ie. local-density approximation
(LDA)[39] or the hybrid density functional theory (DFT)[40], the value of the band gap is
underestimated and the energy level of these defects is subject to variation. Therefore the
defects energies represented in Figure 3.10 are an approximation of where their transition

energy levels would lie.
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Figure 3. 10: Schematic representation of defect transition levels in SnO: in the form D(q/q’) where D is the defect,
q the charge of the defect below the transition level and q’ the charge above it (values extracted from [39-41].
Valence band (VB) and conduction band (CB) represented in blue blocks. The Valence Band Maximum (VBM) and

the Conduction Band Minimum (CBM) are represented by a red line. (values extracted from [10]).

As mentioned in chapter 1, the charge of the defect is defined by the position of the Er
related to its associated transition energy level €(q/q"). Oxygen vacancies (Vo) have been
found to create a donor level 0.115 eV below the conduction band minimum (CBM) for
€y, (+2/0)[39]. Therefore ionisation occurs only if Er lies below this level, otherwise the
defect remains neutral. Based on the literature, the SnO; CBM has been estimated to be
around 4.5-4.6 eV[10,42] which would place the transition energy level of Vo(+2/0)
around 4.6-4.7 eV. The measurements of WF position, Figure 3.8, show that Er lies above
4.6 eV, thus in the CB, for Tp above 400 °C. This means the Vo present in the films above
400 °C are likely to be in a neutral state. Therefore they would weakly contribute to the
electrical conductivity of the film and another defect would be responsible for the loss in
n-type charge carriers. Between 400 and 600 °C the decrease in a-lattice parameter, Figure

3.6, coupled with the drop in carrier concentration could correspond to a decrease of Sn; in
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the films. The final increase of a-lattice parameter at 700 °C could then be attributed to the
increase of the amount of oxygen and thus a decrease of neutral Vo. The presence of
oxygen interstitials (0;) is a possibility when considering the increase of lattice size
however they require an oxygen rich environment and their formation energies are higher
than Sn; or Vo. Tin vacancies, tin antisites and oxygen antisites have not been considered
since their formation energy is too high.[40] Ke et al[43] observed a decrease of the
amount of Vo in SnO; films annealed at temperature higher than 500 °C attributed to an
oxidation of the films. A similar behaviour of oxygen incorporation with increasing Tp in
PLD has been described by Franklin[44] but in ZnO films. A compression of the c-lattice

parameter indicated a decrease of the amount of Zn; in the lattice.

Overall, the decrease of carrier concentration and resistivity with increasing Tp has been
associated to an incorporation of more oxygen in the films and thus a decrease in donor
type defects such as Sn; and Vo. As Tp increases, Sn atoms possess enough energy to fully

react with molecular oxygen which leads to SnO; films closer to stoichiometry.

Even though films deposited at 700 °C show the lowest carrier concentration observed,
some problems have been encountered regarding the sample mounting and the thermal
degradation of ITO (directly influencing the KP measurements). The deposition
temperature of 600 °C is an appropriate balance between the processing restrictions and
the limitation of donor defects, thus studies to invest the effect of the oxygen deposition

pressure (Pp) were carried out at this temperature.

3. Influence of deposition oxygen pressure

To study the influence of the oxygen background pressure (Pp), SnO; films were deposited
on quartz, Si (100) and ITO at a fixed Tp of 600 °C and under range of Pp from 5-300

mTorr.

3.1. Crystal structure

The XRD data of the deposited SnO; films function of the oxygen background pressure Pp

is shown in Figure 3.11.
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Figure 3. 11: XRD data for the SnO: films prepared at a fixed deposition temperature of 600 °C with deposition
pressure varied from 5-300 mTorr. The major peaks identified belong to SnOz phase and are represented on

experimental data with dashed lines derived from ICDD 01-077-0452, the Si substrate peaks are clearly identified

in addition to small peaks attributed to a minor SnO phase (*) and a minor orthorhombic Sn0O; phases (0).

Similar to the temperature study the main phase present is the rutile Sn0O; with only a
small amount of Sn0 at 29° 20. The films still exhibit a global (110) orientation, however
the preferred orientation shifts as Pp varies. At low Pp the growth is dominated by the
(101) orientation with a very small presence of the other peaks. As Pp increases to 50
mTorr the (101) preferred orientation almost disappears and leave the (110) as the main
orientation with presence of (200) and (211) as well. Further increase in Pp leads to a
decrease of the (110) diffraction intensity and the appearance of (101) and (211) as
preferred orientations. The formation of the (101) orientation at very low Pp is
characteristic of an oxygen-poor/tin-rich environment as this plane possess the lowest
surface energy in these conditions.[29] This aspect is more developed in section 5.1.1. The
(200) diffraction peak shifts can be observed in Figure 3.12 along with the calculated a-

lattice parameter associated.
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Figure 3. 12: a) XRD data of deposited Sn0Oz at 600 °C showing the shift in (200) peak. b) Calculated a-lattice
parameter from the XRD (200) peak shift function of oxygen deposition pressure (Pp).

A significant decrease of the a-lattice parameter is observed from 5-50 mTorr. A reduction
of more than 0.3 A is measured. Such change has been attributed to the highly energetic
ablated species present in the plume as a result of the reduced interaction with the oxygen
gas. In PLD the kinetic energies of the species in the ablation plume are sufficient to induce
compressive stress on the films, leading to the displacement of some atoms and the
formation of interstitials defects.[10,45] At such low oxygen pressure the interstitials
formed cannot be from oxygen atoms. Therefore this shift of a-lattice parameter is
attributed to a decrease of Sn; defects. This theory is supported by Kili¢c and Zunger[39],
and Scanlon and Watson[40] who showed the formation energy of Sn; decreases in
oxygen-poor environment. Above 50 mTorr the lattice shows a subtle gradual increase

until 200 mTorr which is investigated in the next part.

3.2. Electrical properties and defects involved

The evolution of the n-type charge carrier concentration can be observed in Figure 3.13.
With increasing Pp an important three-order of magnitude drop of the charge carrier
concentration is observed, from 1.3 x1019 to 1.1 x106 cm-3. The decrease of charge carrier
concentration with increasing temperature and increasing oxygen content has also been
reported in literature.[46] This results in an increase of the films resistivity as shown in
Table 3.2. The decrease in carrier concentration is attributed to the incorporation of more
oxygen in the films as Pp increases. This phenomenon is also observed in the shape of the
plume. As Pp increases the plumes becomes more focused, this is due to more oxygen

molecules interacting with the ionic species present in the plasma plume and thus more
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oxygen being incorporated in the films. The plume narrowing effect has been mention in
section 2.1.2.5 and illustrated with Figure 2.3. Four types of defect variation can be
associated with the incorporation of more oxygen and the decrease of carrier
concentration; i) a decrease of Sn, ii) a decrease of Vo, iii) an increase of O; and iv) an

increase of Vs,
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Figure 3. 13: Charge carrier (electron) concentrations of the Sn0O: films deposited over oxygen pressure range (Pp)

5-300 mTorr, measured by AC Hall effect.

The first decrease of carrier concentration from 5 to 50 mTorr has been attributed to a
reduction in Sn;. A decrease of the amount of Vo in the films is also expected as the growth
environment goes from oxygen-poor to oxygen-rich. O; and Vs, are defects whose
formation energy is lower under oxygen-rich environment. Although these intrinsic
acceptor defects cannot be present in large quantity due to the easier formation of n-type
defects (Sni and Vo) when Er moves towards the valence band, they can still be present as a
minority and contribute to the decrease in carrier concentration. No indications over the
impact of a Vs, on the lattice size have been found in the literature, however it is though
that in its -4 charge state it would induce an increase of the lattice similarly to Vo. The
increase in a-lattice parameter and the decrease of carrier concentration above 125 mTorr
could then be attributed to the formation of Vs, and O; as secondary defects. These defects
could act as traps in the films and explained the decrease in mobility observed in Table

3.2.
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Table 3. 2 Details of SnO: films thickness, sheet resistance, Hall resistivity, carrier concentration, Hall mobility,

band gap (extracted by UV-Vis) and WF function of the deposition oxygen pressure Pp.

Pp Thickness Hall resistivity Carrier concentration Hall mobility Bandgap WF
mTorr nm Q.cm cm3 cmz/(V.s) eV eV

5 227 2.47 x102 1.29 x1019 19.7 3.70 4.70
25 263 9.17 x10-t 7.70 x1018 8.84 3.74 4.60
50 301 2.01 x10! 3.08x1018 0.10 3.62 4.66
75 301 1.44 x102 4.23x1017 0.10 3.67 4.65
100 300 1.10x103 9.34 x1016 0.06 3.69 4.68
125 298 1.88 x102 2.14 x1017 0.16 3.72 4.67
150 302 3.19 x102 9.36 x1016 0.21 3.71 4.68
200 310 9.24 x103 2.22x1016 0.03 3.66 4.87
250 315 2.68 x10* 1.06 x1016 0.02 3.65 4.87
300 318 2.60 x104 1.91x1016 0.01 3.69 4.87

The band gap and WF of the deposited films are shown in Figure 3.14. The E, values for all
Pp are around 3.6-3.7 eV and show no major changes. However a sharp increase in the WF
is observed for Pp above 150 mTorr. This shift towards the centre of the band gap can be
interpreted as a sign that the structure is moving towards stoichiometry as the Er of a
stoichiometric metal oxide semiconductor lies halfway between the top of the VB and the
bottom of the CB.[37,47] The decrease of the amount of Vo in the SnO; films above 150
mTorr is confirmed through the shift in WF observed and the continuous decrease in
carrier concentration in Figure 3.13. In the previous section, 3.2.2, the transition level for
Vo(+2/0) has been estimated to lie around 4.7 eV, Figure 3.10. While before 200 mTorr the
Vo are most likely in a neutral state, the shift of WF observed below 4.8 eV indicates that
the Vo would be in their +2 charge state above 200 mTorr and thus produce charge
carriers. However no such increase in the carrier concentration is observed thus
confirming the compensation of oxygen vacancies by the incorporation of more oxygen in

the SnO; films.
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Figure 3. 14: Data of the optical band gap calculated from Tauc analysis of UV-Vis data and measured WF of the
films deposited over the oxygen pressure (Pp) range 5-300 mTorr.

Globally the deposited films have been found to move closer to stoichiometry as more
oxygen is incorporated in the reactive chamber mainly through a reduction of oxygen
vacancies and tin interstitials. This is supported by Scanlon and Watson[40] who showed
the formation energy of Vo and Sn; increases in oxygen-rich environment. It is essential to
identify the experimental conditions allowing the limitation of the formation of donor type
defects when dealing with the development of p-type SnO,. The elimination of n-type
defects becomes a requirement to avoid charge compensation when p-type dopants are
introduced. Even though they cannot be totally suppressed due to their low formation
energy they can be limited. Based on the results presented it was considered that a
deposition temperature of 600 °C and a background oxygen pressure of 250 mTorr are

sufficient to significantly reduce the formation of Sn; and Vo in the deposited SnO; films.

4. Influence of target composition

In this section the influence of the surface composition of the target is highlighted. This
parameter is often neglected however it plays an essential role in the consistency of the
film depositions. The composition of the target is controlled during the target preparation
process, however the cation concentration may change after multiple laser ablation of the
target surface. This phenomenon has been explained by Claeyssens et al.[48] who studied
it in the ZnO system. They observed zinc enrichment on the surface of the target due to
backscattering from the plasma plume and re-condensation on the target. In this process

the least volatile element, Zn, condenses first which leads to a Zn accumulation on the
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surface of the target. The target composition is therefore changing when used over
extended periods. To avoid this effect the user can either increase the oxygen background
pressure to compensate for the metal-rich conditions or polish the surface of the target
regularly to keep the target composition un-changed. In the scope of this thesis, the
polishing of the target between successive depositions has been performed to maintain
the consistency of the experiments. However in order to investigate the changes induced
by a target surface enrichment in SnO,, the data shown previously is compared with films
deposited in the same Tp and Pp conditions but using an unpolished target that was
exposed to > 100,000 laser pulses. The temperature study is not repeated, the study is
performed only on the pressure range 5-300 mTorr with Tp fixed at 600 °C.

4.1. (Crystal structure

The XRD data of the films deposited with the exposed target is shown in Figure 3.15.a
alongside with the variation in a-lattice parameter extracted from the (200) diffraction

peak in Figure 3.15.b.
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Figure 3. 15: XRD data for the SnO: films prepared using a SnO: target exposed to > 100,000 laser pulses at a fixed
temperature of 600 °C with the oxygen pressure varied from 5-300 mTorr. The major peaks identified belong to
Sn0: phase and are represented on experimental data with dashed lines derived from ICDD 01-077-0452, the Si
substrate peaks are clearly identified in addition to a small peak attributed to a minor SnO phase (*) and a minor

orthorhombic SnO:z phases (0).

The films deposited with the exposed target behave similarly as the films deposited with
the polished target at low and high Pp with an almost exclusive (101) orientation at 5
mTorr and the presence of (101) and (211) as main orientation above 200 mTorr. The

expected (110) main orientation expected between 50 and 150 mTorr only happens after
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100 mTorr. In this range of pressure the (200) diffraction peak shows an important
increase in intensity to the point of being the main orientation for films deposited at 50
mTorr. The presence of the (101) orientation in smaller proportions is also to be noted as
this diffraction peak almost disappeared at 50 mTorr when using a polished target. This is
thought to be due to the environment being more tin-rich and thus leading to the growth
along oxygen-poor surfaces of SnO such as the (101) and the (200) planes.[29] The a-
lattice parameters variations observed in Figure 3.15.b show a larger displacement at 5
mTorr which is accounted for the introduction of more Sn; from the Sn-rich environment
combined with the high energy of the plume in these conditions. In the case of the polished
target, a drop of the a-lattice parameter is measured from 5 to 50 mTorr however for the
films deposited with the exposed targets this decrease continues until a Pp of 200 mTorr is
reached. The cause of this difference may be related to the difference in environment, i.e.
tin-rich/oxygen-poor in the case of the exposed target. The slower decrease in a-
parameter could then be interpreted as a slower transition out of the Sn-rich environment
towards an oxygen-rich environment. This hypothesis will be tested with the analysis of

the electrical properties of the deposited films.

4.2. Electrical properties and differences in behaviour

The evolution of the carrier concentration and the WF of the SnO; films deposited with the

exposed are shown in Figure 3.16 and are compared with the films deposited with the

polished target.
a) b)
10? = & . 4.4
---m-- Polished target —m— Polished target
A A After >100 000 pulses 1 -4 After >100 000 pulses
' 4.5+
§ 10"+
< 3
_5 = 4.6 u A--—A
= < S
5 5 A A A
= 3] y ‘m---E-m
810" 5 5 474 W : “a”
2 W N
5] = \
o ]
2 = 48
© 10" 4
O ) - m-- [ ]
4.9 - A
1016 E T T T T T T T 5 T T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
P, (mTorr) P, (mTorr)

Figure 3. 16: Data of SnO: films deposited at 600 °C and under 5-300 mTorr comparing the films with a clean
target and with the target exposed to > 100,000 laser pulses showing a) carrier concentration, and b) WF

evolution.
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Similarly to the polished target, the carrier concentration of the films deposited with the
exposed target decreases when more oxygen is incorporated in the chamber. However the
carrier concentration of the films deposited with the exposed target is significantly higher
and the drop observed is only of two-orders of magnitude. The difference in environment
is even more evident as the carrier concentration remains 10 to 100 times higher than in
the case of the polished target. The drop in n-type charge carriers is attributed to a
decrease of Sn; and Vo similarly to the films deposited with the polished target. However
the formation of acceptor defects even at Pp around 250 mTorr seems unlikely when the
two levels of charge carrier concentration are compared together. This is supported by the
level of the WF shown in Figure 3.16.b. Above 100 mTorr no consequent variations are
measured and the drop present with the polished target at 200 mTorr is not observed in
the case of the exposed target when a increase of WF would be expected if acceptor
defects were to form. A possible explanation for the higher carrier concentration observed
would be the presence of Sn; from the tin-rich target. This theory coincides as well with
the defect energy level of Sn; defects located in the conduction band, Figure 3.10. The
amount of oxygen required to compensate them is greatly increased as the target is tin-
enriched after the multiple laser ablation exposures. Between 5 and 50 mTorr the WF
displays some considerable variations, especially at 50 mTorr were the value drop to 4.9
eV compared with 4.65 and 4.6 eV at 5 and 100 mTorr respectively. Even though the value
at 50 mTorr may appear to be an outlier it has been confirmed by several repeat
measurements. This kind of shift could be characteristic of a change in the defect nature in
the deposited films. A suggested mechanism is the presence of oxygen vacancies as main
defect thus shifting the Er below the conduction due to their lower defect energy level,

Figure 3.10.

Based on the observed results it is clear that the composition of the surface of the target
plays an essential role during the deposition and cannot be easily compensated through
variation of oxygen pressure. The metal enrichment on the target induces films with more
n-type charge carriers but also allows observing a more detailed transition from Sn-rich to
O-rich environment. In the case of n-type TCOs this behaviour could allow increasing the
formation of donor type defect and having a better control over them at low Pp. However
in the domain of p-type SnO; this phenomenon has to be avoided as extra donor charge
carriers are formed (10 to 100 times more) which could jeopardize the possible

introduction of p-type conductivity.
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5. Summary

In this chapter the effects of the deposition conditions during the PLD of undoped SnO;
thin films were investigated. The studies carried allowed to identify some key points in the
formation of main donor-type defects, such as oxygen vacancies and tin interstitials, and to
limit their formation. It has also been noticed as mentioned in the literature that even
under oxygen-rich conditions, the formation of donor type defects is still favoured
compared to acceptor defects. Oxygen interstitials and tin vacancies may be present as
secondary defects where they would compensate the electrons already present in the
system, but they cannot lead to intrinsic p-type conductivity in SnO, as mentioned by
Scanlon and Watson.[40] The key information extracted from the studies investigated in

this chapter are gathered below.

e Anincrease in the substrate deposition temperature leads to a drop in the carrier
concentration due to the compensation of Sn; and Vo present in the film from the
incorporation of more oxygen. The films get closer to stoichiometry as Tp is
increased and 600 °C appears to be a relevant point of temperature at which a part
of the Sn; and V, have been compensated.

e An increase in the amount of oxygen in the deposition chamber leads to a drop of
carrier concentration. As expected Sn; and Vo are compensated by the inclusion of
more oxygen in the films. The presence of O; and Vs, is possible at high Pp (250
mTorr) however they do not appear as major defects. The deposition pressure 250
mTorr seems to be sufficient to limit the formation of a major part of the donor
type defects in the films and to begin using extrinsic acceptor dopants for p-type
doping.

e The process of laser ablation leads to an accumulation of metallic species at the
surface of the target. If the target is not regularly polished major variations in the
electrical properties (increase of n-type carrier concentration) appear due to the

presence of a more Sn-rich environment.
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Chapter 4: Investigation of Zn as acceptor
dopant in SnO;

When doping a material, three factors should be considered: the dopant solubility in the
host material, the ionisation level of the dopant defect and the compensation by native
defects.[1] Amongst these the formation of compensation defects is the most critical one.
The doping limits are defined by the n-type and p-type pinning energies of a material.
They represent the range of energy between which Er can move without causing the
spontaneous formation of compensating defects. When considering p-type doping, the p-
type pinning energy corresponds to the lowest position of Er achievable, below it donor
compensating defects possess a negative formation energy (i.e. they form spontaneously).
The charge neutrality level (CNL) which defines the character of the defects function of Er
position generally lies in the middle of the n-type and p-type pinning energies as shown in

Figure 4.1 from Robertson and Clark’s work.[1]
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Figure 4. 1: Doping limits for several semiconductor including SnOz in O-poor environment. Ev and Ec represent
the valence and the conduction band respectively while n limit and p limit represent the respective n-type and p-
type pinning energies for the different oxide semiconductors. This diagram is taken from Robertson and Clark’s

work.[1]

The p-type doping of SnO; is limited by the p-type pinning energy lying in the middle of
the band gap. However it should be taken into account that these pinning energies were
calculated for an O-poor environment. Since the defects formation energy depends upon
the growth environment, the pinning energy limits change accordingly. Scanlon and
Watson[2] theoretically predicted it would be impossible to produce efficient p-type SnO,

due to the spontaneous formation of donor defects before the Fermi level reaches the VBM
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even in O-rich conditions. Some studies reported successful p-type doping in SnO; by
either Zn, Ga, Al or In doping however the focus was not brought on these limiting
factors.[3-8] The presence of compensating defects such as Vo and Sn; is critical when
trying to change the type of conductivity in SnO,, and setting an optimum growth
environment while considering the defect mechanisms is essential. Furthermore the large
amount of dopant generally used (> 10 at.%) is likely to induce changes in the electronic

structure and in the defect formation energies.

The aim of this chapter is to control the environment and determine the limitations of the
formation of acceptor defects in Sn0; when subject to p-type doping. The dopant selected
here is Zn which is reported to act as a double acceptor when substituted on Sn site due to
its lower valence. Studies involving Zn acceptor doping in SnO; reported successful p-type
conductivity however they neglected to consider the role of compensating defects and
growth environment on Zn behaviour in the system.[3-5] It is also important to note that
Zn has been used as a dopant in SnO; where improved n-type electrical properties were
reported.[9] Thus attention will be paid on the fact that Zn may not solely act as an

acceptor dopant.

The interest will be brought on how Zn behaves in an environment supposedly favourable
for the formation of acceptor defects and what the consequences are on the electrical
properties of SnO». The study is split in two parts: studying the behaviour of 20 at.% Zn-
doped SnO; (ZTO) films under Tp and Pp variations compared to undoped SnO;, and the
effect of annealing at high temperature and in oxidising conditions on ZTO films doped at
different concentration of Zn (from 0-30 at.%). 20 at.% Zn was selected as the studied
doping in the first part since it has been previously reported as the limit between n and p-
type conductivity.[10] In these two parts the impact of Zn inclusion in SnO; system as an
acceptor dopant will be analysed by defining specific sets of conditions favouring the
activation of these acceptor defects and limiting intrinsic donor defects. Emphasis will be

given on the effectiveness of Zn p-type doping reported in previous studies.[3,11]

In this chapter, Zn-doped SnO; thin films were deposited by PLD under various conditions.
Unlike in chapter 3, the targets were prepared in our laboratory. ZnO powder (Mateck,
purity 99.99 %, density > 95 %) was mixed with SnO; powder (> 99.99 %, trace metal
basis, Sigma Aldrich). The amount of Zn doping is directly related to the ratio of ZnO to
Sn0; powder, thus the percentage of ZnO was controlled so that targets with compositions
of 10, 15, 20, 25 and 30 at.% could be fabricated. Once mixed the powders are pressed into

compact pellets by using a dye under a pressure of 1.2 tons. Finally the compact pellets
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have been sintered in air at 1355 °C for 10 h and with a heat ramp of 5 °C/min. More
information about the process of target preparation and characterisation can be found in
Appendix 1. PLD using the freshly prepared ZTO targets and EDX analysis revealed that no
Zn was actually incorporated in the films even though the targets’ surfaces have been
briefly polished. After investigation on the target via cross-section EDX, it was revealed
that the Zn repartition in the target is inhomogeneous and that no Zn is present within the
first 50 um below the surface. Considering this, the targets were polished to remove the
first layers and the expected Zn/Sn ratio of the target was achieved. This was monitored
and controlled by performing film deposition with the targets after every polishing step
and by analysing the film composition through EDX. More details about the target
inhomogeneity can be found in Appendix 1. XRD analysis of the ZTO targets revealed a
main SnO; rutile phase with an increased presence of the Zn,SnO. phase as the Zn
concentration increases. Slight signal from the ZnSnO;z structure were also measured
probably due to its decomposition into Zn,Sn0O4 and Sn0O; above 700 °C.[12] Even though
the targets are not purely constituted of SnO; rutile phase it will not impact the phase of

the deposited films due to the stoichiometric transfer of cations specific to PLD.[13]

In order to ensure the reproducibility of the deposited films, the amount of Zn
incorporated in the films was monitored through EDX measurements. The extracted Zn
doping from the analysis can be found in Appendix 2. Overall the analysis showed the films
deposited with the 20 at.% ZTO target contained 20.0 + 0.9 at.% Zn. As for the second part
of the study where the Zn concentration is varied, the films deposited show concentration
of 6.7 £ 0.8, 13.5 + 1.2, 20.0 £ 0.7, 24.2 + 1.3 and 30.1 * 0.9 at.% Zn for the 10, 15, 20, 25
and 30 at.% ZTO targets respectively.

1. Effect of deposition parameters compared to undoped SnO:

In this first part the interest is focused on the deposition conditions to limit the formation
of donor defects intrinsic to Sn0; as well as find optimum conditions for the formation of
acceptor Zns, defects. The study covered is similar to that on undoped SnO; performed in
chapter 3 including a variation of Tp between 300-700 °C with Py fixed at 100 mTorr, and a
variation of Pp between 5-300 mTorr with Tp fixed at 600 °C. The laser parameters remain
unchanged with a Fluence fixed at 2.2 J/cm? (400 m] laser power), repetition rate of 8 Hz
and pulse duration of 25 ns. The substrates do not change as well, 10 mm x 10 mm square
quartz are used for Hall measurement, UV-Vis spectroscopy and EDX, Si (100) oriented for

XRD and ITO covered glass substrates for KP measurements.

143



1.1. Deposition temperature variation

20 at.% ZTO films were deposited by PLD with oxygen pressure (Pp) fixed at 100 mTorr
and substrate temperature (Tp) varied between 300 and 700 °C. The XRD data of the

deposited films is shown in Figure 4.2.a.
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Figure 4. 2: a) XRD data for the 20 at.% ZTO films prepared at a fixed oxygen pressure of 100 mTorr with
temperature varied from 300-700 °C. The major peaks identified belong to SnOz phase and are represented by
dashed lines derived from ICDD 01-077-0452. b) Lattice parameter of the 20 at.% ZTO films (red) function of Tp
at fixed Pp of 100 mTorr extracted for the (200) diffraction peak. The data is compared to the lattice parameter of
undoped SnO: (black) extracted for the same deposition conditions and (200) diffraction peak.

The films deposited below 500 °C are mostly amorphous with only a small signal from the
(200) diffraction plane at 400 °C. At Tp = 500 °C the ZTO films appear to crystallise with
the SnO; rutile structure since two of its characteristic diffraction planes are measured, the
(110) and the (200) orientations. Unlike what has been observed by Bilgin et al.[14] and
Ko et al[15] no diffraction plane characteristic of Zn,Sn0Os or ZnSnO3; was observed
suggesting that the ZTO films possess a main rutile phase. Some Zn,Sn04 or ZnSn03 phase
may exist but it was beyond detection limits. The crystalline ZTO films (Tp = 500 °C) seem
to grow preferentially in the <200> direction unlike undoped SnO; films which grow
preferentially along the <110>. It should also be noticed that for undoped SnO; the films
started to crystallise at 400 °C (section 3.2.1) while in this case the ZTO films only show
proper crystallisation only at 500 °C. The inclusion of Zn appears to change the growth
orientation but also to act as thermal stabiliser. The lattice parameters extracted for the
(200) plane function of Tp are shown in Figure 4.2.b and compared to the undoped SnO;
values previously measured. The a-lattice parameter of the ZTO films (0.473-0.475 nm)
appears to be significantly larger than the undoped films (0.470-0.471 nm). This would be
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due to the difference in ionic radii between Sn*+ and Zn2* with a coordination number of 6.
Shannon[16] reported the ionic radii of Sn** and Zn2* to be respectively 0.69 and 0.74 A in
these conditions. The larger lattice parameters observed with the Zn-doped films indicate
that Zn has been successfully incorporated in SnO; lattice. Even though their ionic radii are
close, the large amount of Zn used for the doping is accounted for this lattice distortion

and thus supports the main SnO; rutile phase detected.

The 20 at.% ZTO films show an increase of the a-lattice parameter with increasing Tp. In
the lattice, Zn can be in three different configurations: substitution on Sn site (Znsn),
interstitial (Zn;) and antisite on O site (Zno). Zne defect is likely to possess, similarly to Sno,
a very high formation energy thus limiting its presence.[17] Considering that each Sn atom
is surrounded by 6 oxygen atoms (ideally), the substitution of Zn on Sn site would lead to
the formation of 2 holes by extracting 2 electrons from the surrounding oxygen. However
this process is expected to require a high energy owing to the high electronegativity of the
oxygen (difficulty to remove electron from oxygen). In this case the formation of one or

more oxygen vacancy would be more stable to the system leading to the formation of
defect pair (zn/, — V5°)x where x is the charge of the defect complex. Such mechanism has
been suggested by Scanlon and Watson[2] with the resulting redox equation in Kroger-

Vink notations.
. o 1 x 1, ,00 1
Equation 4.1 h + > 0; - Vo +; 0,(9)

Zhu et al.[18] studied ZTO thin films deposited by PLD and with Zn doping between 10 and
30 at.%. They reported that the Zn coordination number does not exceed 4 however their
study was limited to low temperature (< 400 °C) and oxygen-poor environment (Pp below
15 mTorr) thus highly favourable to the formation of donor defects such as Vo. Similar
acceptor-donor defect pairing has been reported by Choudhurry et al.[19] and Islam et
al.[20] in the TiO system doped with Mn in +2 oxidation state. In their studies TiO, was in
rutile structure similar to SnO;. The Mn introduced was found to substitute on Ti site and
form defect complex with Vo. Even though independently ionised Vo and Zns, defects
would cause an expansion of the lattice, the distortion would be reduced if those defects
are paired due to Coulombic attraction due to their opposite charges.[21] The smaller
lattice parameter measured at 400 and 500°C could therefore be the result of (Zn// — V5°)x
defect pairs. It has been previously mentioned in section 3.2 that an increase of Tp in the
case of undoped SnO; leads to the incorporation of more oxygen in the films. The increase
in lattice parameter could be from the formation of Zns, acceptor defects uncompensated

by Vo or by the formation of Zn; even though it would be more unlikely.
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The Hall resistivity, carrier concentration and Hall mobility of the 20 at.% ZTO films are
displayed in Figure 4.3 along with the values previously measured for undoped SnO; films

in the same conditions. All the deposited films showed n-type conductivity.
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Figure 4. 3: Hall data showing the evolution of the Hall resistivity, the carrier concentration and the mobility of
the 20 at.% ZTO films (in red) deposited at Pp 100 mTorr with Tp varying from 300-700 °C. The data is compared

to that of the previously measured undoped SnO: films (in black) deposited under the same conditions.

The carrier concentration, the mobility and therefore the resistivity follow the same trend
for ZTO films. While for the undoped films the carrier concentration decreases almost
monotonously starting at 400 °C, in the case of the ZTO films it remains above 1019 cm-3 at
Tp < 500 °C but above this temperature it drops dramatically until reaching 1016 cm-3 at
700 °C. At 600 °C the ZTO films show a carrier concentration one order of magnitude
lower that the undoped ones. The drop of carrier concentration at Tp above 500 °C
indicates that the increase in lattice parameter cannot be due to the presence of more Zn;
or Sn; in the lattice. This behaviour is believed to originate from the formation of more Zns,

acceptor defect via the incorporation of more oxygen in the system. Considering the large
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amount of Zn used for the doping (20 at.%) it would not be surprising that the defect
formation energies would change from the undoped system despite retaining the rutile
structure. At Tp below 500 °C Vo could form preferentially next to Zns, defects to
compensate for the high energy required for the formation of this acceptor defect. Zhu et
al[18] suggested that the Vo migrate from Sn to Zn in order to stabilise the system.
Therefore the introduction of Zn would lower the formation energy of oxygen vacancies,
accounting for the larger carrier concentration measured for ZTO films when compared to
undoped films at low Tp. Above 500 °C the system is thought to possess enough energy to
allow the formation of some uncompensated Zns, acceptor defects explaining the sudden
drop in electron carrier concentration. In the case of undoped SnO; the carrier
concentration decrease was attributed to a limitation of the Sn; and Vo however in this
case the incorporation of more oxygen limits the formation of these donor defects but also

introduces the formation of holes in the system.

The mobility of the films follows the same pattern as the carrier concentration with a
sudden decrease above 500 °C. In SnO; the mobility is limited by different electron
scattering mechanisms. Bruneaux et al.[22] reported two types of regime: at low carrier
concentration (< 5 x1018 cm-3) the conductivity is governed by the potential barrier at the
grain boundaries with a drop of the mobility when the grains are fully depleted, and at
high carrier concentration (> 5 x1018 cm-3) the mobility is limited by scattered impurities
but also by lattice scattering due to the high density of structural defects. In the case of the
ZTO films the FWHM based on the (200) diffraction peak is 0.87, 1.11 and 0.97 ° at 500,
600 and 700 °C respectively, leading to crystallite size between 8-11 nm. As the carrier
concentration decreases considerably with increasing temperature the depletion in the
grain becomes more significant which would increase the height of the barrier at the grain
boundaries thus limiting the mobility. However it is believed that some contribution from
ionised impurity scattering may also have an effect on the lower mobility measured at
high temperature. In the case of the formation of Zns, defect in the system, these acceptor
defects would constitute traps for the mobile electron as well as scattering centre and

would limit the mobility.

The values of the resistivity, carrier concentration and Hall mobility, but also the thickness
of the films, their band gap and work function (WF) extracted by KP can be found in Table
4.1. It should be noticed that the Zn-doped SnO; films exhibited surprisingly low resistivity
and high mobility for Tp below 500 °C. This aspect of the Zn doping is more developed in
chapter 5.
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Table 4. 1: Details of 20 at.% ZTO function of Tp with Pp fixed at 100 mTorr showing the films thickness, sheet
resistance, Hall resistivity, carrier concentration, Hall mobility, band gap and WF. The dotted line above Tp of 400

°C separates films which are mostly amorphous to crystalline films.

To Thickness Hall resistivity Carrier concentration Hall mobility Band gap WF
°C nm Q.cm cm3 cmz/(V.s) eV eV
300 240 8.27 x10-3 3.13x1019 241 3.29 493
400 236 2.86x10-3 6.67 x1019 32.8 3.21 4.68
500 220 1.22 x10-2 2.34x1019 21.9 3.56 4.45
600 224 1.86 x102 5.36 x1016 0.6 3.53 4.34
700 242 2.54x103 9.54 x1015 0.3 3.58 4.32

The band gap of the ZTO films extracted by the Tauc plot method is about 0.1 eV smaller
than for the undoped SnO; films. The low values measured at 300 and 400 °C are
attributed to band tailing effect due to the films being mainly amorphous.[23] The
evolution of the WF of the ZTO films function of Tp is shown in Figure 4.4 along with the

undoped films.
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Figure 4. 4: Evolution of the work function (WF) of the 20 at.% ZTO (in red) and undoped SnO: (in black)
measured by Kelvin probe for Pp of 100 mTorr and Tp between 300-700 °C.

The WF of the ZTO films measured by KP is found to decrease (move closer to the vacuum
energy) as Tp increases. A similar trend could be observed for the undoped films, but the
lower WF at 300 °C was thought to be pinned to the tail of the CB in the case of amorphous
films.[24,25] The same effect is believed to happen for the ZTO films at 300 and 400 °C.
Without considering the low WF at 300 °C in the case of undoped Sn0», WF does not show

significant variations and is rather contained within a 0.04 eV variation. However the ZTO
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films show significantly lower WF compared to undoped SnO; at Tp = 500 °C and
important decrease as the Tp increases with over 0.1 eV variations. Generally a decrease of
WF (increase of the Fermi level) is attributed to an increase of the carrier concentration
due to formation of donor defect levels close to or inside the CB. However in the present
situation the carrier concentration follows the opposite behaviour of what is
conventionally observed. It should be considered that KP is a surface sensitive technique
subject to surface dipole as well as band bending. Both these effects influence the position
of the Fermi level at the surface (work function) and the VBM (ionisation potential). Two
kinds of mechanism could be suggested in the case of the reduced WF observed with the
inclusion of Zn: a change in the ionisation potential resulting in a higher VBM and bending
of the energy bands near the surface due to a space charged layer. Kérber et al.[26]
suggested the formation an upward band bending in Sb-doped SnO; due to the possible
formation of Sns, acceptor states. The inclusion of Sb with a +3 oxidation state on Sn
would induce the formation of deep trap levels and thus an electron depleted zone near
the surface. However Sn0; is generally found to form a downward band bending at the
surface from electrons accumulation. Vasheghani Farahani et al.[27] compared the Er
extracted via XPS to the theoretical position of the bulk Er based on the carrier
concentration from Hall measurements for undoped and Sb-doped SnO; films. In both
cases they observed a downward band bending from an electron accumulation at the
surface. Nagata et al.[28] also showed a downward band bending occurs at the surface of
Sn02, Sb-doped Sn0; and even In-doped SnO; films where In was incorporated as an
acceptor dopant. Therefore, even though the presence of Zns, acceptor defects at the
surface of the ZTO films could lead to an upward band bending similarly to what suggested
Korber et al.[26], the presence of downward band bending due to electrons accumulation

at the surface is more likely.

When Ty increases the work function decreases as well as the carrier concentration. This
is characteristic of an increase of the space charge layer present in KP measurements due
to less electrons present in the films. In the case of a downward band bending due to
donor-like states at the surface, it would become more important at high Tp. The lower WF
measured at the surface would therefore account for a decrease of the Fermi level in the
bulk (increase in WF). Er would consequently lie deeper in the band gap when Tp is
increased above 500 °C. As a result the low WF measured is attributed to the formation of
Zng, acceptor defects at higher Tp decreasing the amount of electron charge carrier.

However the KP data alone is not enough to explain the behaviour of the ZTO films at high
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temperature and complementary XPS measurements need to be performed. This matter is

discussed in section 5.1.3.

1.2. Oxygen pressure variation

In this section Tp was kept constant at 600 °C and Pp varied between 5-300 mTorr for the
20 at.% ZTO films similarly to what has been performed in chapter 3 with undoped SnO,.
The thickness of the deposited films was kept around 200 nm. The XRD data of the
deposited ZTO films is shown in Figure 4.5.a. The diffraction peaks observed corresponds
to the rutile structure of SnO. with no apparent secondary phases. The growth
orientations appear to change with the oxygen pressure. At low Pp (5 mTorr) the growth
in the <101> direction is clearly favoured considering the high intensity of the diffraction
peak which is also observed for the undoped films (Figure 3.11). However the orientations
of the films diverge at 50 mTorr where in the case of the ZTO films the (200) plane is
favoured until 200 mTorr where the main orientation switches to the (110). Unlike

undoped Sn0; no major (101) orientation is observed at high Pp (> 200 mTorr).
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Figure 4. 5: a) XRD data for the 20 at.% ZTO films prepared at a fixed Tp of 600 °C with Pp varied between 5-300
mTorr. b) Lattice parameter of the 20 at.% ZTO films (in red) function of Pp at fixed Tp of 600 °C extracted for the
(200) diffraction peak. The data is compared to the lattice parameter of undoped SnO: (in black) extracted for the

same deposition conditions and (200) diffraction peak.

The evolutions of the a-lattice parameter with and without Zn-doping extracted from the
(200) plane are shown in Figure 4.5.b. Similarly to the previous section a larger lattice
parameter is observed when 20 at.% Zn are added to the system suggesting that Zn has

been successfully incorporated and does not form secondary phases.
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From 5 to 100 mTorr the lattice parameter of the 20 at% ZTO films decreases
considerably. In undoped SnO; this change has been attributed to the decrease of Sn;
present at low Pp due to the O-poor environment. A similar change of defect can be
assumed for the ZTO films with the presence of less Sn; or Zn; as Pp increases up to 100
mTorr. In the previous section it has been suggested that at Tp = 600 °C and Pp = 100
mTorr Zns, acceptor might be formed, which corresponds to the minimum lattice
parameter measured with varying Pp. Above 100 mTorr the lattice parameter increases
considerably up to 300 mTorr. Considering undoped SnO; this regime was attributed to a
decrease of donor defect such as Sn; and Vo and to the possible formation of Vs, and O;
leading to a small increase of the lattice parameter. However in the case of ZTO, the
increase observed is much larger suggesting a different defect mechanism occurs in the
films. Han and Shao[29] examined the theoretical acceptor doping of Zn in TiO,. They
estimated the Zn substitution on Ti site leading to acceptor states would be energetically
unstable in oxygen-poor condition. Under these conditions the formation of Zn; or Znmi-Vo
defect pair is expected to be preferred. Under O-rich conditions, even though Znri-Vo
neutral defect pair can be energetically favoured over the charge state, Znt; acceptor
defects would form preferentially due to lower formation energy. Zn; are thought to be
very limited due to their increased formation energy in this environment. This theoretical
investigation would suggest that the increase in lattice parameter measured in the ZTO
films at high Pp is due to the formation of more Zns, acceptor defects. However that Hall

measurements performed on the ZTO samples prove otherwise as shown in Figure 4.6.

[t should be noted that all the deposited films were measured to be n-type. The deposition
pressures used were originally intended to be spaced by 50 mTorr steps but considering
the surprisingly low carrier concentration measured at 100 mTorr, complementary points
had to be included. Therefore the step has been narrowed to 20 mTorr between 50 and
150 mTorr. The carrier concentration of the ZTO films decreases accordingly with the
undoped SnO; films between 25 and 100 mTorr. This behaviour suggests a similar
decrease of Sn; and Vo occurs when Pp is increased. Above 100 mTorr the carrier
concentration of the ZTO films diverges completely from the undoped films with an
increase back to 101 cm3. The carrier concentration then decreases gradually down to
1018 c¢cm-3 until 300 mTorr. A variation from 1016 to 10! cm3 cannot be due to the
formation of Zns, acceptor defects. This behaviour corresponds to a sudden increase in
donor defects in the ZTO film despite the increasing oxygen pressure. No reports have yet
signalled this behaviour in SnO.. As Pp increases the possible amount of Vo around the Zns,

defects would decrease due to more oxygen incorporated in the films. This would lead to
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an increasing formation of acceptor Zns,, however this defect might cost a lot of energy to
the system with the removal of two electrons from the surrounding oxygen. Therefore
with increasing Pp the system is thought to meet a threshold at which the energy to form
more Zns, acceptor defects is too high. This would lead to either the compensation of this

defect or a different incorporation of Zn in the lattice.
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Figure 4. 6: Hall data showing the evolution of the Hall resistivity, the carrier concentration and the mobility of
the 20 at.% ZTO films (in red) deposited at Tp 600 °C with Pp varying from 5-300 mTorr. The data is compared to

that of the previously measured undoped SnO: films (in black) deposited under the same conditions.

Several compensation mechanisms have been reported in the development of p-type
doping in semiconductors, among them two are particularly relevant to this study. The
first is the formation of Zn; (donor defect), it is a possibility as it would explain the
increase in lattice parameters and in carrier concentrations at high Pp (> 150 mTorr).
Singh et al.[30] showed group-IIIA acceptors dopants such as In and Ga possess a low
formation energy on the interstitial site however this occurs only under Sn-rich
conditions. When moving away from O-poor conditions the formation energy of such

compensating defects is expected to increase. A second mechanism is the formation of AX
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centres. This type of defect originates from the restructuration around an acceptor defect
to form a donor. This effect has been reported in the p-type doping of ZnO and II-VI
semiconductors.[31,32] In these cases two anion-cation bonds are broken next to the
acceptor structure to form an anion-anion bond and two electrons are released from the
net loss of one bond changing the A- defect into AX* donor.[33] Such change involves a
large relaxation of the lattice which would account for the enlarged lattice parameter
measured in the ZTO films. This type of compensation for the p-type doping of Sn0O; has
also been suggested by Singh et al.[30]. Even though the mechanism is not certain, the Zn
acceptor doping in SnO: is clearly less efficient at high Pp. Singh et al. suggested the
existence of optimum growth conditions at which the formation energy of the acceptor
defect would be low enough and the formation energy of compensating defects high
enough to achieve p-type conductivity in SnO;. Even though p-type conductivity is far from
being achieved, here the narrow conditions window at 600 °C and 100 mTorr appears to
represent the point of lowest formation energy for Zns, acceptor defects without thermal
annealing. It should be noted that the measurements at 90 and 100 mTorr were
particularly difficult to achieve. The Hall effect measurements which allows the
determination of the carrier concentration and Hall mobility by using the resistivity
measured by Van der Pauw method showed large variations to the point where the error
was too high. The errors of the measurements (Vy error) are detailed in Table 4.2.

Table 4. 2: Details of 20 at.% ZTO function of Po with T fixed at 600 °C showing the films thickness, sheet

resistance, Hall resistivity, carrier concentration, Hall mobility, band gap, work function (WF) and Hall voltage
(Vu) error.

Po | Thickness  Resistvity Rl DSl e WF e
mTorr nm Q.cm cm-3 cm?/(V.s) eV eV %
5 186 4.69 6.92 x1017 1.9 3.69 4.44 40.5
25 220 5.62 x10-2 1.30x1019 8.6 3.54 443 0.3
50 200 1.57 x10-1 5.03 x1018 7.9 3.47 4.48 14.4
70 200 1.71 x10! 3.24 x1017 1.1 3.50 4.47 8.9
90 200 2.48 x102 6.73 x1016 <1 3.54 443 328
100 224 1.86 x102 5.36 x1016 <1 3.53 434 143
110 200 1.16 6.91x1017 7.8 3.55 4.35 5.5
130 200 2.78 x10-1 9.01x1018 2.5 3.51 438 26.1
150 200 3.30 x10-1 9.42 x1018 2.0 3.59 445 243
200 210 9.25 x10-1 1.93 1018 3.5 3.60 4.61 0.1
250 220 431 8.63 x1017 1.8 3.62 4.67 3.7
300 220 3.41 6.34 x1017 2.9 3.60 4.84 2.3
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The Hall voltage (V) is used for the calculations of the carrier concentration and the
mobility (see section 2.2.2.1). The absolute error was calculated by taking the ratio
between the variance of the Vi measured and its average, and is expressed as a
percentage. Since the error is too large at 90 and 100 mTorr it would not be right to
consider their carrier concentration however the resistivity which presents a much lower

error (< 1 %) shows the same behaviour with Pp showing the consistency of the data.

Similarly to the investigation of Tp, a decrease of the carrier concentration leads to a drop
of mobility. The evolution of the mobility of the ZTO films with increasing Pp is very close
to the variations of the carrier concentration. The drop of mobility at 100 mTorr is likely
to be due to an increase of grain boundary scattering as the size of the grains is about 10
nm (FWHM close to 1 ° for the (200) peak) and the carrier concentration is considerably
decreased (below 1017 cm-3). However the possibility of Zns, trap states acting as
scattering centre is not excluded. The band gap measured for the ZTO films is generally 0.1

eV lower than that of the undoped films (section 3.3.2).

The evolution of the WF measured by KP function of Pp is shown in Figure 4.7 along with
the variations obtained with the undoped films from section 3.3.2. The local minimum of
WF observed at 100 mTorr is similar to the behaviour of the carrier concentration on
Figure 4.6. This support the hypothesis of a downward band bending in the ZTO films due
to donor-like states at the surface which becomes more important as the carrier
concentration drops. The drop of carrier concentration would result in a decrease of the

Fermi level in the band gap, but it has yet to be confirmed (section 4.1.3).
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Figure 4. 7: Evolution of the WF of the 20 at.% ZTO (in red) and undoped SnO: (in black) measured by Kelvin
probe for Tp of 600 °C and Pp between 5-300 mTorr.
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Above 100 mTorr the WF drops dramatically reaching the level of undoped films at 300
mTorr. This effect is assigned to the sudden increase in carrier concentration above 100
mTorr leading to a reduction of the band bending. However this effect alone is not enough
to explain the increase observed as it shift deeper than the WF measured for the films
deposited at 5 mTorr for similar carrier concentrations. In the previous chapter this
behaviour was assigned to the films being more stoichiometric as a result of more oxygen
being incorporated. Another possible explanation is a change of the VBM with increasing
Pp as observed for undoped films where WF increases by 0.2 eV. This eventuality is

discussed in the next section.

1.3. Impacts on Fermi level and VBM

XPS analysis of the valence band onset and of the Fermi edge have been performed on
undoped and 20 at.% Zn-doped SnO films deposited at Tp of 600 °C and Pp of 100 and 250
mTorr. The aim of these measurements is to detect changes in the valence band position

and compare the WF extracted to the WF measured by KP.
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Figure 4. 8: Valence band onset measured by XPS of undoped and 20 at.% Zn-doped SnO: films deposited at 600 °C

and under Pp of 100 and 250 mTorr on Si substrates. All the measurements were normalised to the gold reference.

The VB onset measured for the undoped samples coincides with the features generally
observed for Sn0.[34,35] In the case of the 20 at.% Zn-doped films the features between

binding energies of 4-9 eV follow that of SnO; but an intense peak can be notice at 11 eV
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which does not correspond to SnO.. This peak is specific of the Zn 3d in the films.[36] The
peak shift observed from the 20 at.% ZTO films between 100 and 250 mTorr corresponds
to a shift of the Fermi edge towards the valence band at 100 mTorr which is discussed
below. The energy difference between the VBM and Er has been extracted from Figure 4.8
and the position of Er related to the vacuum energy (WF) was determined by Fermi edge
analysis and allowed to position the VBM energetically. Gold was used as a reference for
these measurements. Finally the CBM was positioned using the values of the optical band
gap measured. The energy position of the VBM, CBM, and Fermi level measured from XPS

and KP are all displayed in Figure 4.9.
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Figure 4. 9: Diagram representing the position of the Fermi level (red) and VBM (black) measured by XPS, the
Fermi level measured by kelvin probe (KP) (green dot), and the CBM (blue) extracted by applying the measured
optical band gap to the VBM. These level are compared between undoped and 20 at.% Zn-doped SnO: films and
deposited at Tp 600 °C but under two different Pp of 100 and 250 mTorr.

The first noticeable effect is the evolution of the VBM position. Either for undoped or Zn-
doped films, when Pp is increased (from 100 to 250 mTorr) the VBM moves deeper in
energy (higher ionisation potential). This phenomenon has been reported by several
authors. An increase of the ionisation potential as well as the work function was observed
when moving to more oxidising conditions.[37-39] The variations when increasing the
oxygen content of the environment were attributed to changes of surface terminations
such as the presence of more Sn#+ states in oxygen-rich conditions.[26] This induces a

modification of the surface dipole which impacts both the VBM and Er position. When
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comparing the undoped and Zn-doped films the VBM is clearly raised with the inclusion of
Zn in SnO,. This change is also considered to be due to a change in the oxidising
environment but not directly linked to the amount of oxygen during the deposition. Zn
when introduced in the Sn0O; is in a +2 charge state which is reducing compared to the +4
charge state of Sn. It should also be noted that the VBM of ZnO is about 7.4 eV while that of
SnO; lies deeper around 8 eV.[40]

The energy difference § between the VBM and Er (measured by XPS) changes with the
doping and the experimental conditions. § represents the relative position of the Fermi
level with respect to the VBM and is therefore influenced by the electron concentration
and the type of defects present in the films. When varying Pp from 100 to 250 mTorr only
a slight decrease of € is observed but when Zn is introduced in SnO; at 100 mTorr € is
much smaller, see Figure 4.8. This significant drop of Er relative to the VBM is attributed to
the presence of more acceptor states such as Zns, with the formation of energy states
towards the VBM. At 250 mtorr § increases for the ZTO films which accounts for the
significant increase in carrier concentration above 100 mTorr and justify the formation of
donor states close to the CBM. The Fermi levels measured by KP are significantly deeper
(larger WF) than those measured by XPS. While XPS was performed in ultra-high vacuum
(UHV), KP was performed in air leaving the surface of the sample more oxidised and
subject to contamination. Therefore the difference in Fermi level is partially due to the
difference in environment in which the measurements have been carried and thus to a
difference in surface potential.[41] Another reason behind the difference of Er measured is
believed to be the depth sensitivity of the two techniques. XPS is a tool that can be used to
probe the first nanometers (depending on the X-ray energy) of the surface but in the case
of KP only the first atomic layer are analysed leaving the depth sensitivity of this technique
to about a few angstroms.[42] Therefore a band bending effect would result in different
WF measured as it varies with the depth in the sample from its surface. Figure 4.10 shows
the changes in band bending intensity with a decreasing carrier concentration. The CNL is
the charge neutrality limit which pins to the neutral level of the surface density of states at
the surface. As Er decreases due to a reduced amount of electrons in the system, the
amount of unoccupied (charged) donor-like states increases and thus more electrons are

necessary to compensate the charge. As a consequence the band bending is increased.
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Figure 4. 10: Band diagram showing the influence of Fermi level position (Er) and carrier concentration on the
intensity of downward band bending (Vib) present at the surface of an n-type semiconductor. As the carrier
concentration decreases the density of unoccupied surface states increases leading to larger band bending. Nss is

the surface density of states and z the depth within the sample from the surface. Figure taken from Ref [27].

Considering the band bending behaviour reported by Farahani et al.[27] illustrated in
Figure 4.10, it is fair to infer that a more intense band bending is present a 100 mTorr for
the ZTO doped films. This could confirm the formation of more Zns, acceptor defects states
in these conditions as the Fermi level moves deeper in the band gap. Unlike KP and XPS,
the Hall measurements give information about the entire film (surface and bulk). It is
essential to consider the difference in the type of information extracted from each
analytical technique. In this case XPS and KP are used in parallel with the Hall Effect to
estimate the position of Er in the bulk and how it influences the band structure near the

surface.

In this first section the behaviour of 20 at.% ZTO films function of the deposition
temperature and the oxygen pressure were studied. The initial “p-type compatible”
conditions (Tp = 600 °C and Pp = 250 mTorr) established in chapter 3 to limit the
formation of donor-type defects in undoped Sn0; were not effective with the introduction
of Zn and showed a higher degree of charge carriers in the films. Zn appeared to influence
greatly the formation energy of intrinsic defects in SnO due to the instability of the Zns,
acceptor defect. The lowest carrier concentration achieved, supposedly corresponding to
the lowest formation energy of the acceptor defects, was achieved at 600 °C and 100
mTorr. However this study cannot be solely limited to the deposition conditions as a post
deposition thermal treatment is often required to achieve the energy necessary for the
acceptor defect activation. To continue, two sets of optimum conditions are selected: Tp =

600 °C and Pp = 250 mTorr from the undoped SnO; study, and Tp = 600 °C and Pp = 100
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mTorr from this study. Under these conditions the Zn doping will be varied and thermal

annealing under oxidising environment will be carried.

2. Impact of thermal annealing

In this section the effect of Zn doping variation and thermal annealing on the properties of
the films are studied. In the process of p-type doping, thermal annealing and oxidising
conditions are often required to activate the acceptor defects as discussed in section
1.2.4.[43,44] To compare the impact of the deposition conditions after annealing, the two
sets of conditions selected previously (600 °C/100 mTorr and 600 °C/250 mTorr) were
subject to thermal annealings at temperature of 600 and 700 °C during 3 h under
continuous flow of oxygen (1 bar). These conditions have been set for two reasons: to
increase the concentration of acceptor defects and to limit the formation energy of donor
compensating defects by placing the system in extreme oxidising environment. The Zn
doping is varied between 0-30 at.%. The films were deposited on quartz and (100)
oriented silicon substrates. The KP measurements were performed with Si substrates due

to the thermal degradation of ITO.

2.1. Film structure

The XRD data recorded for all the ZTO films deposited and annealed at 600 and 700 °C are
shown in Figure 4.11. Without annealing the inclusion of Zn does not appear to induce the
formation of secondary phase even at 30 at.% Zn. The main structure of the films remains
the rutile form of SnO,. As mentioned in section 1.2.5 secondary phases such as ZnSn03
and Zn,Sn04 have been reported to form more above 30 at.% doping.[45,46] However
given the poor crystallinity of the films at 250 mTorr it is not excluded that some
secondary phase exists either in small amount or in an amorphous state. Upon annealing
at 600 and 700 °C no major changes are observed on the structure apart from the
detection of a Zn,Sn0, phase at 34.6 ° 26. The intensity of the diffraction peak remains
small compared to the SnO, ones therefore its contribution to the film structure is

considered to be minor.

159



P,=100 mTorr PD:250 mTorr

)
S" J Si
I S & A 30 % Zn I S N __30%2n
1 T
e 28%2Zn e 25%2Zn
No anneal B .
=L B B 20%2Zn =S S SIS S - 120% 2Zn
2 h S 1207
b 8% L 15 %20
— \\m.,,Jw\_,/ e~ 10% 2Zn U, N ¢ S . 10% Zn
‘wawu&izn JL@UW i O % ZN
20 2‘5 3‘0 3‘5 4b o 4‘5 5;0 55 éO 20 2‘5 3‘0 3:5 4‘0 o 4‘5 5‘0 55 éO
20 (°) 20 (%)
s =T .5 -5 s = S =
T 28 § 5 8 g 2 g s 8§
g f
Si .
] I 2‘“/ | j
. /A [ p
T - 30 % Zn A S, NS .30 % Zn
LA
Anneal ! BhZN i 25 % 2N
© -] / . A
600 °C S| \ . 120%2Zn S| o st b1 20 % ZNY
p 3
| ‘\HM/ I _1_ §£/£ n W‘M,w’ — A bt s ‘]/@M °{3 Zn
M‘/&M.J_ e 10%2Zn ijwww. vt Ny 10 % Z0
o b ) 0%z
JU\J 0%z Q%2
20 25 30 35 4 . 45 50 55 60 20 25 30 35 bo 45 50 55 60
20 (°) 20 ()
s ©5 .8 S5 s o5 .8 o5
T 8% &8 s § 1 2 &8s g8
1 si| @, /! sl @
S \ 9
U S N 30%2Zn e 30%2Zn
(NS J \ 25 % Zn T P e 29 Y0 ZN
Anneal | .
700 °C 3 8 ) 20%2n 3 . 20%2Zn
© ©
| A w.\_wvlég/g Zn B USRI NSRS | WO S .,_Nli%’ Zn
—— w. i .10 % Zn b A M A 10 % Zn
’_,JL b A 0% Zn M’“’j Mt A 0% 2N
20 2‘5 3‘0 3‘5 4b o 4‘5 5‘0 55 éO 20 2‘5 3‘0 3‘5 4‘0 4‘5 5‘0 55 éO
20 () 26 (°)

Figure 4. 11: XRD data of SnO: thin films doped with 0-30 at.% Zn deposited on Si substrates at 600 °C, under Pp of
100 and 250 mTorr, and annealed at 600 and 700 °C in Oz atmosphere.

The a-lattice parameter of the different films was extracted from the (200) diffraction
peak position and is shown in Figure 4.12. The lattice parameter increases when more Zn
is added to the system. This confirms the integration of Zn in Sn0O; and the limitation of

secondary phases. At higher Pp (250 mTorr) the lattice parameter appears to be larger for

160



Zn-doped samples which is coherent with what has been previously observed when the
environment becomes oxygen-rich. This was attributed to the formation of compensating
donor defects such as AX or Zni. As the films are annealed the trend of increased lattice
parameter with increasing amount of Zn is conserved however the lattice parameter
appears to reduce after the films have been annealed. This overall behaviour is observed
for Zn doping higher than 10 at.% Zn. This slight change is interesting as previously the
lowest lattice parameter observed when varying Pp was assigned to an increased
concentration of acceptor defects and a decreased amount of compensating donor defects.

The variations are more consequent in the case of the films deposited under 100 mTorr.
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Figure 4. 12: a-lattice parameter extracted from the (200) diffraction plane for ZTO films with Zn doping from 0-
30 at.% deposited at 600 °C, under a) 100 and b) 250 mTorr, not annealed (NA) and annealed in oxygen at 600
and 700 °C.

The thermal annealing in oxidising conditions did not considerably change the structure of
the films, however the a-lattice parameter revealed a possible increase of acceptor defects,

this will be investigated in the next section.
2.2. Electrical properties

2.2.1. Effect of Zn variation without annealing

The carrier concentration measured by Hall effect for the ZTO films with Zn variation and
at different Pp is shown in Figure 4.13. The data corresponds to the properties of the films
before thermal annealing. All the films measured showed n-type conductivity, this is later

confirmed by the use of TFT devices in section 5.2.2.2.
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Figure 4. 13: Data of the films with Zn between 0-30 at.% deposited at 600 °C and under 100 and 250 mTorr NA

showing a) the carrier concentration and b) the variance of the measured Hall voltage (V).

At Pp of 100 mTorr, the carrier concentration suddenly drops when the Zn doping exceed
10 at.%. Between 15 and 30 at.% Zn the carrier concentration remains about 106 cm-3
without significant changes with respect to the lattice parameter evolution. However in
this range of doping the measurement error was particularly high. As mentioned in the
previous part, at 100 mTorr the 20 at.% ZTO this film were particularly hard to analyse
due to high variation during the Hall effect measurements. The absolute errors are shown
in Figure 4.13.b and were calculated based on the Hall voltage Vu. The error (Vi variance
in %) represents the ratio between the variance of the Vy measured and their average. The
larger deviations observed are a consequence of the low mobility of the films. The
measurements show the more important deviations above 15 at.% Zn for the films
deposited under 100 mTorr, therefore the carrier concentration cannot be fully trusted.
However the Hall resistivity which is measured by Van der Pauw method possesses a
much lower error (< 2 %), thus its variations can be used to describe the evolution of the

carrier concentration in Figure 4.15.a.

Above 10 at.% doping the resistivity is much higher at 100 mTorr than at 250 mTorr,
which is in agreement with the variations observed with the carrier concentration. When
Pp is set at 100 mTorr the resistivity increases by two orders of magnitude in this range of

doping. No trend can be observed with increasing doping at this pressure although the
lattice parameter keeps increasing. The differences measured between the two Pp confirm
the formation of more acceptor-like defects such as Zns, at 100 mTorr and seem to appear
above a certain doping threshold, 10 at.% Zn in this case. The WF measured by KP in
Figure 4.14.b is consistent with the behaviour observed in the previous section as above

10 at.% Zn, WF is smaller at Pp 100 mTorr than at 250 mTorr while the carrier
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concentration follows the opposite trend. As discussed previously this could be due to an
increased band bending effect due to Er moving into the band gap coupled with a higher

position of the VBM at 100 mTorr.
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Figure 4. 14: Data of ZTO films with Zn between 0-30 at.% deposited at 600 °C and under 100 and 250 mTorr NA
showing a) the Hall resistivity and b) the WF variations.

2.2.2. Thermal annealing and limitations

As the error during the Hall effect measurement becomes more predominant with high

resistivity samples, the limit of the instrument was reached when analysing annealed

samples.
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Figure 4. 15: Variance of the Hall voltage (Vu) from Hall effect measurements on ZTO films with Zn-doping
between 0-30 at.%, deposited at 600 °C, under 100 and 250 mTorr, and under different annealing: none (NA), 600
°C (A600 °C) and 700 °C (A700 °C).

The variance of the Hall voltage (Vu) displayed in Figure 4.15 shows the deviations are too

large to even consider the values measured for the carrier concentration. However the
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error on the resistivity from the Van der Pauw measurements remained low for the
analysed samples (< 3 %) and thus is more suited to compare the electrical behaviour.
Some samples could not be measured, this was a combination of bad contact (schottky)

and large resistivity exceeding the limits of the instrument.
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Figure 4. 16: Transfer curve of 20 at.% ZTO films deposited on Fraunhofer OFET substrates at 600 °C, under 100
and 250 mTorr, not annealed (NA) and annealed at 600 and 700 °C in oxygen. The transfer curves were measured
in saturation mode and represent the drain current (Id) function of the gate voltage (Vg) at fixed drain voltage
(Vd). The channel width was fixed at 2 mm and its length was 20 um for the NA and 600 °C annealed samples, and
10 pm for the 700 °C annealed samples. urE represents the saturation field effect mobility extracted from the

transfer curves.

Due to the large errors present in the measurements, especially at 100 mTorr, the nature
of the conductivity could not be fully determined by this method. Therefore films were
deposited on TFT substrates (with a Si as gate contact, SiO; as dielectric, and ITO and Gold
layers as top contacts) and annealed in the same conditions. The transfer curves
corresponding to the 20 at.% ZTO films are shown in Figure 4.16. The transfer curves for
the 10, 15, 25 and 30 at.% ZTO films are shown in Appendix 3 (Figures S3.1 and S3.2). All
the films were found to be n-type semiconductor as the transistor channel starts to let
current flow when the gate voltage is increased (from negative to positive). The increased
annealing temperature affected the quality of the transistor. Since the top electrodes are
made of gold and ITO layers they may be damaged at elevated temperatures, i.e. 700 °C.
The larger hysteresis observed with increasing annealing temperature is attributed to

either an increase of the traps in the films, a higher leakage current or the deterioration of
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the electrodes. The resistivity of the ZTO films with and without annealing is shown in

Figure 4.17.
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Figure 4. 17: Hall resistivity for ZTO films with Zn doping from 0-30 at.% deposited at 600 °C, under a) 100 and b)
250 mTorr, not annealed (NA) and annealed in oxygen at 600 and 700 °C.

After annealing at 600 and 700 °C, the resistivity of the samples increased dramatically.
The difference between the NA and the annealed samples is more than 4-orders of
magnitude. Even though the mobility has a direct contribution to the resistivity the
variations encountered cannot be solely due to it and therefore the annealing step
involved a consequent drop in the carrier concentration. Considering the undoped SnO
films, the annealing does not have a considerable impact on the resistivity of the films. The
films deposited at 100 mTorr show a first increase of resistivity when annealed at 600 °C
(apart from the 25 at.% Zn film) of about 3 order of magnitude then a considerable second
increase when annealed at 700 °C. This suggests the formation of more Zns, defects in the
films, however since the type of conductivity did not change, the amount of donor or
compensating defect remains larger. The films with 15, 20 and 25 at.% Zn under 100
mTorr and when annealed at 700 °C are considered to show the largest concentration of
acceptor as they exceed the limit of the instrument. In the case of the films deposited at
250 mTorr, the increase in resistity is about 4-5 orders of magnitude but remain constant
with increasing doping. Only the samples with 10 and 15 at.% Zn showed difficulty in the
measurements, the rest of the samples showed an variance below 50 % with Hall
mobilities in the range of 1-10 cm?/(V.s). The monotonous increase of the lattice
parameter indicates that above 10 at.% doping, the Zn incorporated forms either neutral
defects or electrically active defects (either donor, Zn;, or acceptor, Zns,) but which are

immediately compensated since no considerable variation in the resistivity is observed.
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Despite the difficulty to discuss accurately defect formation, it is clear that the Zn forms
some acceptor defects under annealing treatment. The increase of resistivity cannot be
attributed to a sheer decrease of intrinsic donor defects as the undoped SnO; films do not
show such variations at 100 mTorr. Therefore it is suggested that the thermal annealing
provides the system enough energy to activate more Zns, acceptor defects in the lattice,
compensating a part of the intrinsic donor defects. The deposition conditions also seem to
affect the electrical properties after annealing since with Pp of 250 mTorr no considerable
variations of resistivity were measured above 10 at.% while with 100 mTorr the
resistivity clearly increases up to 20-25 at.% Zn. At 100 mTorr the changes in resistivity
are more consequent, especially when annealed at 700 °C. The Hall measurements of the
films were mostly impossible to achieve after annealing, only the films deposited at 250
mTorr showed easy measurements with reduced errors. This confirms that the choice of
the deposition conditions prior-annealing has a great impact on the film properties. Under
no circumstances the type of conductivity changes from n to p-type. The main problem is
the compensation of the acceptor defects formed. Either the acceptor defect relaxes into a
donor (AX defect) or the formation energy of intrinsic donor defects is considerably

lowered when the Fermi level move closer to the VB.

2.3. Impact on Fermilevel and VBM

The WF measured by KP of the ZTO films with and without annealing are shown in Figure

4.18.
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Figure 4. 18: WF measured by KP for ZTO films with Zn doping from 0-30 at.% deposited at 600 °C, under a) 100
and b) 250 mTorr, not annealed (NA) and annealed in oxygen at 600 and 700 °C.

The trends in WF measured by KP can be clearly seen in Figure 4.18 with a general

decrease of WF with the introduction of Zn. The difference between NA and annealed
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samples is particularly important for the ZTO films deposited under 250 mTorr. This is
thought to be due to the large difference in acceptor defects as without annealing the Zns,
seems to transform into donor complex AX. As more energy is given to the system through
the annealing, more Zns, defects can be formed. However as mentioned in the previous
sections, several mechanisms influence the WF measured by KP, including a change in the
VBM position (surface dipole). A comparison between the Er measured by XPS and KP
along with the VBM extracted from valence band onset measurement via XPS is shown in
Figure 4.19. The band gap used for the positioning of the CBM along with the valence band
onset of the ZTO films can be found in Appendix 3 (Figures S3.3 and S3.4).
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Figure 4. 19: Diagram representing the position of the Fermi level (red) and VBM (black) measured by XPS, the
Fermi level measured by kelvin probe (KP) (green dot), and the CBM (blue) extracted by applying the measured
optical band gap to the VBM. These level are compared between annealings (NA, A600C and A700C), Pp (100 and
250 mTorr) and Zn doping (10-20 at.%). The VBM for the 20 at.% ZTO film deposited at 250 mTorr and annealed
at 700 °C could not be extracted.

The first observation is a decrease of the VBM when the samples are annealed. This is
attributed to a more oxidising environment as the annealing has been performed at high
temperature and under oxygen atmosphere.[37-39] As such change would be induced by
a different surface dipole, the Fermi level is shifted accordingly. Another main element is &
the energy difference between the VBM and Er measured by XPS. § is seen to increase or
remain constant after annealing of the films while the conductivity (carrier concentration)

decreases dramatically. Such change is not coherent with the position of Er in the bulk
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which is expected to be lower due to the loss in charge carriers. Only two explanations are
possible in this case: an upward surface band bending or an extension of the space charge
layer causing the downward band bending. The upward band bending would be caused by
charged surface acceptor defects such as Zns, and lead to an electron depletion zone near
the surface. However this possibility was discussed previously and Nagata et al[28]
showed a more intense downward band bending with In-doped SnO; where In was used
as an acceptor dopant similarly to Zn. The second possible mechanism which is the
increased band bending effect with decreasing carrier concentration agrees with what has
been demonstrated by Vasheghani Farahani et al.[27] and Nagata et al[28] and is
illustrated in Figure 4.20.
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Figure 4. 20: Band diagram showing the influence of Fermi level position (Er) and carrier concentration on the
intensity of downward band bending (Vis) and the width of the space charge layer (wscL) present at the surface of
an n-type semiconductor. WF is the work function and & the energy difference between the VBM and the Fermi
level EF at the depth probed by XPS.

The VBM have been taken at the same level to simplify the discussion. When the carrier
concentration decreases, the Fermi level moves in the band gap towards the valence band
as fewer donor states below or in the CB are formed. Considering only the bulk of the
sample, the work function would be larger when Er is the lowest (closest to VBM) and §
would be smaller. However the situation changes near the surface. The lower position of
Er induces the formation of more charged surface donors and the amount of electrons
present to compensate the existing charges on the surface is reduced. Therefore the width

of the SCL is increased and the band bending is more intense (larger V). Considering the
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depth probe by XPS which is a few nm, the WF and VBM measured by XPS would be at a
much different depth in the SCL due to the increase in its width. While the measurement
would appear near the end of the SCL at large electron concentration, it may only be the
beginning of it at lower carrier concentration leading to a larger energy difference
between the VBM and Er. The same situation is thought to happen between 10 and 20 at.%
ZTO films deposited under 250 mTorr and annealed at 600 °C. The energy difference
between the VBM and Er is slightly larger in the case of the 10 at.% ZTO films (3.71 eV
against 3.67 eV for the 20 at.% ZTO films). Furthermore the resistivity measured with the
10 at.% Zn films is larger than with the 20 at.% ones and the measurement error is
significantly higher as well suggesting the presence of a lower carrier concentration
leading to larger band bending. At 250 mTorr the lowest resistivity achieved, supposedly
thought to correspond to the highest concentration of acceptor defects, is between 10 and
15 at.% Zn doping. At 100 mTorr this “optimum acceptor doping” seems to occur at higher

doping, between 20-25 at.% Zn and at higher annealing temperature of 700 °C.

As the ZTO films have been annealed, more acceptor defects were activated. Accurate
measurements of the electrical properties could not be performed as the limits of the
instrument were reached leaving only an insight on the resistivity of the films. However
the high resistivity achieved and brief XPS analysis of the valence band onset and Fermi
edge allowed to suggest the presence of a more prominent band bending as the films are
annealed owned to the formation of more acceptor defects while remaining an n-type

semiconductor.

3. Summary

In this study Zn was introduced in Sn0; as an acceptor dopant. The aim was not to focus
on turning the films p-type but to understand the deposition conditions and their effect on
the formation energy of the acceptor defects. The growth environment was set such that
the formation energy of compensating donor defect would be increased while that of Zn
substitutional acceptor defect on Sn sites would remain low enough to be formed. Most
studies on p-type doping of Sn0O; do not even consider the environment in which the films
are grown with respect to the formation of compensating defects.[4,7,47] This part
showed p-type conductivity could not be achieved in SnO; by doping with Zn. Below are

summered several main points highlighted in this study.

e By carefully setting the growth environment to favour the formation of Zns,
acceptor defects a clear reduction of the conductivity after annealing at 700 °C was

observed however the conductivity does not changes from n to p-type. Unlike the
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p-type ZTO films reported in literature it was found to be impossible to switch the
conductivity in SnO; with Zn.[3-5,11] The Zns, acceptor defects formed are
compensated by the formation of either AX centres, Zn; or intrinsic donor defects.

e The lowest formation energy for Zns, is thought to be achieved at 100 mtorr
corresponding to an intermediated oxygen pressure between oxygen-poor and
oxygen-rich environments. Unlike what has been shown in chapter 3 the largest Pp
of 250 mTorr limiting the formation of intrinsic donor defect showed larger
electron carrier concentration attributed to the formation of AX defect centres.

e Even though the annealing conditions were the same, the deposition conditions
were found to influence greatly the amount of acceptor defect formed as lower
conductivity (supposedly lower Fermi level) were achieved at Pp of 100 mTorr
where the formation energy of these defect was the lowest.

e The carrier concentration, therefore the Fermi level position, impacts the intensity
of the band bending observed in ZTO films and the width of the space charge layer.
The presence of band bending was suggested through phenomenon already
reported in the literature. Even though the data follows the suggested hypothesis
more analysis could be performed to confirm it such as angle-resolved XPS.

e The introduction of Zn in Sn0O; induces a more reducing environment and lead to
an increase of the VBM (consequently Er) due to a change in the surface dipole.
This behaviour is reversed as the films are exposed to extreme oxidising
conditions lowering the VBM level.

e It is thought that the introduction of Zn as acceptor dopant in the optimum
conditions lowers the position of the Fermi level through compensation of intrinsic
donor defects and the formation of energy states close to VB. However the Fermi
level is believe to be “stuck” in the band gap as suggested by Scanlon and
Watson[2] and shown by Nagata et al.[28] due to the spontaneous formation of
donor defects (negative formation energy) compensating the holes created even
though the formation energy of acceptor defect is lowered in oxygen-rich

environment.

Even though Zn was originally introduced as a p-type dopant this study showed the
improvement of electrical properties at low temperature. This matter is studied in the

next chapter of this thesis.
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Chapter 5: Use of Zn to improve electrical
properties of Sn0;

Zn0O was first combined with SnO; by Enoki et al[1] in 1992 and later investigated by
Minami et al[2,3] to improve the n-type conductivity. In these study the amount of Zn
used was too high to be considered doping, the resulting material was neither SnO2 nor
ZnO but a new multicomponent oxide Zn0O-SnO,. Depending on the concentration of Zn
used two ternary compounds could be formed ZnSnOz or Zn,SnOs Minami et al
considered these oxides to be promising for the development of new TCOs with resistivity
as low as 4 x10-3 Q.cm[4]. Despite a lot of research performed on this matter, few studies
have been done on Zn-doping of SnO; to improve its electrical conductivity while
maintaining the SnO; rutile structure. The structure has been reported to diverge above 30
at.% Zn doping[4,5] but some reports[6] observed slight formation of Zn,Sn0Os even

though the films were mainly constituted of SnO; rutile structure.

The original aim for the incorporation of Zn in SnO; is the formation of acceptor defects to
push the system towards p-type conductivity. However this state of conductivity in SnO;
has been found to be unstable and limited by the presence of the CNL in the CB.[7,8] (See
chapter 4) The formation of acceptor defects is unfavoured which leads to the
compensation or the rearrangement of the defects. In the case of Zn doping, a different
configuration is assumed to be adopted at low deposition temperature leading to the
formation of more Vo as shown by Zhu et al.[9]. As only few reports mention the use of Zn
in Sn02, some properties of the films have been discussed but the results are scattered and

generally incomplete.

The aim of this study is to highlight the potential of Zn as a n-type dopant in SnO; and
discuss its possible integration in applications. Low resistivity ZTO films were observed in
the chapter 4 at Tp < 500 °C. This section focuses on the use of Zn-dopant at relatively low
temperature (< 400 °C). The films were deposited on quartz, Si (100) oriented and ITO
covered glass substrates. The ZTO targets used are the same as in chapter 4 and the Zn
doping was controlled by EDX, see Appendix 2. The Zn content in the films for the 10, 15,
20, 25 and 30 at.% ZTO targets were 7.3 * 1.6, 14.7 * 1.26, 19.37 * 1.47, 25.2 £ 1.1 and
28.6 + 1.1 at.% Zn respectively.
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1. Influence of Zn doping variation

In this section the influence of Zn addition to SnO; is investigated, with an objective of
improving electrical properties, ie. conductivity, of the as-deposited thin films. The
amount of Zn is varied between 0 and 30 at.% and the targets used are the same as that in
chapter 4. Three different conditions were investigated, high temperature to set the
environment more in Zn acceptor conditions (Tp = 600 °C and Pp = 75 mTorr),
intermediate temperature to increase conductivity but keep good crystallinity (Tp = 400 °C
and Pp = 50 mTorr), and low temperature to maintain low resistivity but move towards an
amorphous system (Tp = 200 °C and Pp = 25 mTorr). All the films were deposited on
quartz, ITO and (100) orientated silicon substrates. The thicknesses of the films deposited

were 224 + 23,226 + 10 and 213 * 15 nm at 600, 400 and 200 °C respectively.

1.1. Growth orientation and crystallinity

XRD data of the ZTO films deposited at 400 °C and 50 mTorr, and at 600 °C and 75 mTorr
are displayed on Figure 5.1. The data from the low temperature series (200 °C/25 mTorr)

shows only a low degree of crystallinity below 15 at.% Zn and thus is not displayed here.
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Figure 5. 1: XRD data of SnO: films doped with Zn between 0 and 30 at.% deposited on Si at a) temperature (Tp) of
400 °C and oxygen pressure (Pp) of 50 mTorr and b) Tp of 600 °C and Pp of 75 mTorr. The major peaks identified
belong to Sn0: phase and dashed lines derived from ICDD 01-077-0452. The Si substrate peaks are clearly

identified in addition to a small peaks attributed to a minor SnO phase (*) and orthorhombic SnO: phases (0).

All films show a tetragonal rutile SnO, phase with the presence of a minor SnO phase
observed and orthorhombic SnO; phase at some conditions. No additional phases, ie.
ZnSnO3 or Zn,Sn0,, were been observed despite the high amount of Zn doping. While the
undoped SnO; films show polycrystalline growth with main orientations (110) and (200),
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the introduction of Zn in the system appears to modify the growth in the <200> direction.
The intensity of the other diffraction peaks such as (110) and (211) decreases to the profit
of the (200) orientation. Such changes in orientation with the addition of Zn in the system
have previously been reported by Vijayalakshmi et al.[10] and Bilgin et al.[11]. Even
though Vijayalakshmi et al. observed the growth orientation changes as more Zn was
added (0 - 25 at.%), the shift was not as predominant as in this study using a PLD system.
The change of orientation towards the (200) plane is rather uncommon since most of the
reports mentioned a shift to the (101) plane instead.[12-15] Jiang et al.[16] mentioned the
possibility of a decrease of the surface energies of various crystalline planes but no further
explanation has been suggested. In order to understand the origin of this change it is
necessary to look at the type of environment required for such orientated growths. As
mentioned in section 2.1.1.2 the surface energy of crystallographic plane needs to be
lower than the others to be formed preferentially. Batzill and Diebold[17,18] calculated
the surface energies of the (110), (101) and (100) surfaces in both stoichiometric and
reduced conditions. The resulting energies and the detailed crystallographic surfaces are

highlighted in Figure 5.2.

The stoichiometric forms of the different surfaces discussed here are composed of oxygen
terminations leaving the surface Sn in a +4 oxidation state. However in their reduced form
the surfaces are depleted of oxygen and thus the surface Sn are in a +2 oxidation state. At
high oxygen chemical potential (o) the stoichiometric forms of the surfaces are more
stable, due to the lower surface energy than their respective reduced form. The opposite
happens at low o (oxygen-poor environment) where the oxygen depleted surfaces
become more stable with lower surface energies.[18] According to calculations[17] the
reduced (101) surface is more stable at low oxygen content due to the presence of more
Sn2+ atoms while the stoichiometric (110) surface is more stable at high oxygen content. In
this diagram the (100) surface does not seem to be predominant in any conditions. Some
studies[19,20] experimentally show the transition from (101) to (110) orientation relating
to the theoretical calculations from Batzill and Diebold, but no preferential (200) growth
was mentioned. However, the XRD data of the undoped SnO; films deposited at 600 °C and
under different oxygen pressure from chapter 3 (sections 3.3.1 and 3.4.1) proves

otherwise.
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Figure 5. 2: (top) Surface energy of the three main surface orientations observed in SnO: thin films (110), (101)
and (100), function of the oxygen chemical potential (o). Low po indicate an oxygen-poor environment while
high po (0 eV) represents an oxygen-rich environment. The signs red and ox represent the reduced and oxidised
(stoichiometric) forms of the surfaces respectively. (bottom) Ball-and-stick models of SnO2 showing the bulk
termination of the (110), (100) and (101) surfaces. Stoichiometric terminations are represented on the left
surfaces with reduced oxygen concentration are shown on the right. Data gathered and representation adapted

from Batzill and Diebold calculations.[17]

To demonstrate it, the texture coefficients TC(hkl) of the SnO; films deposited with and
without polished target were calculated for each of the diffraction planes using the
formula,[21]

I(hk1)/Io(hkl)
(1/N) L I(hkl)/1o(hkl)

Equation 5.1 TC(hkl) =
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Where TC(hKkl) is the texture coefficient of the hkl plane concerned, I(hkl) is the integrated
area of the peak, [o(hkl) the corresponding standard intensity from the ICDD data (01-077-
0452) and N the number of diffraction peak observed. The calculated texture coefficients

are shown in Figure 5.3.

a) Polished SnO, target b) Sn0, target after > 100 000 pulses
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Figure 5. 3: Texture coefficient of the SnO: films deposited at 600 °C and under various oxygen pressure Pp,
calculated from the XRD data found in 3.3.1 and 3.4.1. a) Texture coefficient of the films deposited with a polished
SnOztarget and b) texture coefficient of the films deposited with Sn0; target exposed to > 100 000 laser pulses.

With the polished SnO; target the (101) orientation is grown at 5 mTorr and the (110) at
50 mTorr which accounts for the change in environment with the increase in Pp. However
at 25 mTorr the orientation showing the most texture is the (200). This feature may place
the (200) surface as an intermediate surface between the (101) formation in heavily
oxygen deficient conditions and the (110) formation in higher oxygen environment. What
is observed here is the reduced form of the (200) surface since the environment is more
towards oxygen-poor (25 mTorr). Therefore as the amount of oxygen (oxygen chemical
potential) increases Sn0; would preferentially grow along the (101)req, (200)red and finally
the (110).x showing the existence of a narrow window for the preferential formation of
the (200) plane. The TC calculated for the SnO; target exposed to > 100 000 laser pulses
support this hypothesis. Since the target has been exposed to multiple laser pulses, the
growth environment has been pushed towards Sn-rich/O-poor and highly favours the
growth of reduced surfaces. The (101),.q is more textured at 5 mTorr but between 50 and
150 mTorr the films are clearly more (200).q oriented. Therefore the (200) orientation
can be formed preferentially and seems to appear under oxygen-poor conditions due to

the higher stability and surface energy of its reduced form.
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The TC of the ZTO films with doping variation from 0-30 at.% Zn based on the XRD
presented in Figure 5.1 are displayed in Figure 5.4.
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Figure 5. 4: Texture coefficient of the Zn-doped SnO:films with amount of Zn between 0 and 30 at.% calculated
from data found in figure 5.1.

The films grown clearly show an increased (200) orientation as the Zn doping increases.
The effect is even more significant on the films deposited at 600 °C with the decrease of
the (110), (101) and (211) intensities. The films change from a polycrystalline to single
orientation along the (200) with the addition of Zn. The origin of such change is thought to
be due to the oxidation state of Zn2+. The (200) surface is more stable in its reduced form
where the surface tin are in a +2 states. Therefore the introduction of Zn with +2 oxidation
state could force the formation of a reduced surface, in this case the (200). This hypothesis
supports the idea suggested in chapter 4 that the introduction of Zn induces a more
oxygen deficient environment. This preferential orientation is surprising as most of the
result in literature observe a (101) shift. However it is believed to be due to the technique
used. It should be noted that despite the preferential orientation reported with the
introduction of Zn, it has never been reported to such an extent with singly oriented films
without epitaxial growth. The best result is found at 400 °C and 50 mTorr for a Zn doping
of 20 at.% where the (110), (101) and (211) orientation disappear and the (200) presents
its highest diffraction peak intensity for comparable thicknesses between the different

dopings.

Along with this change of growth, a change in the crystallinity is observed while adding Zn
to the Sn0; system. The XRD data for the ZTO films deposited at 200 °C and 25 mTorr, and
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the crystallite size of the ZTO films extracted with the Scherrer’s equation on the FWHM of

the (200) diffraction peak are shown on Figure 5.5.
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Figure 5. 5: a) XRD data of SnO: films doped with Zn amount between 0 and 30 at.% deposited on Si at 200 °C and
25 mTorr. The Si substrate peaks are clearly identified in addition to a small peaks attributed to a minor SnO
phase (*) and a minor orthorhombic SnOz phases (o). b) Crystallite size of the ZTO films deposited under various
conditions calculated with the Scherrer’s equation based on the FWHM of the (200) diffraction peak.

It can be noted from Figure 5.1 that the crystallinity of the films decreases after a certain
amount of Zn is added. The intensity of the (200) diffraction peak at 400 °C increases until
20 at.% Zn, above this point the intensity drops dramatically leading to nearly amorphous
films at 30 at.%. This limit seems to be function of the growth conditions. At high Tp, the
maximum diffraction peak intensity reached is between 25-30 at.% Zn while at 200 °C,
Figure 5.5.a, the crystallinity already decreases at 10 at.% Zn and the films become
amorphous at higher doping. The decay of crystallinity can also be noticed in the
crystallite size evolution on Figure 5.5.b. The crystallite size is reduced with addition of Zn
compared to the undoped SnO; films with grains size down to 10 nm at 600°C above 15
at.% Zn doping. However the values extracted with the Scherrer’s method do not reflect
completely the crystallite size due to possible strain effects in the films. Considering the
large level of dopant used (20 at.% Zn) the repartition of Zn in SnO; lattice is unlikely to be
homogenous and therefore would lead to different lattice sizes, thus variations of strain in
the films. The resulting effect is a broadening of the diffraction peak which influences the
calculation of crystallite size. Under normal circumstances the crystallite sizes extracted
from XRD are compared to the size of the grains measured using SEM, however the shape
of the grains could not be observed under SEM. The degradation of crystallinity with

inclusion of Zn dopant in Sn0; has been reported by several authors.[13-15] In these
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studies the intensity of the diffraction peaks decreases along with the size of the
crystallite. Tian et al[14] suggested that the addition of Zn accelerates the rate of
nucleation during the crystallisation. After the nucleation a part of the Zn?* ions would
move to the surface and block the coalescence of small Sn0O; crystallites. This hypothesis
supports the idea that Zn?+ ions decrease the surface energy of the (200) reduced surface

and allow the film to grow along this orientation.

In summary, when large amounts of Zn are used to dope SnO; (10-30 at.%) the films
require higher deposition temperatures to reproduce the level of crystallinity observed in
the undoped films, which may be associated with the additional energy required to
incorporate Zn(Il). However Zn allows the growth of highly (200) oriented films to the

detriment of crystalline quality with smaller crystallite size observed.

1.2. Electrical and optical properties

Analysis of the electrical characteristics of the films prepared using AC Hall under the
different conditions investigated is shown in Figure 5.6. The case of Tp = 600 °C and Pp =
75 mTorr is similar to the case studied in chapter 4 at 600 °C and 100 mTorr where the
addition of Zn above 15 at.% leads to a dramatic drop in carrier concentration supposedly
due to compensation of charge carriers through the formation of acceptor defects. The
focus is brought to the ZTO films deposited at 200 and 400 °C which show surprisingly low
resistivities. As the amount of Zn dopant is increased, the carrier concentration would be
expected to decrease due to Zn substitution on Sn site leading to the formation of 2 holes
and compensating the existing electrons (which happens at higher temperature). However
the results on Figure 5.6 demonstrate the opposite. No dramatic drop of charge carrier
concentration is observed, instead the evolution with increasing Zn is steady and even
increases slightly at 400 °C up to 20 at.% Zn. Above this amount of doping the carrier
concentration starts to decrease but not significantly. A change in behaviour of Zn under
these conditions may be responsible for the difference observed. Zhu et al.[9] studied the
environment around Sn and Zn in amorphous ZTO thin films deposited by PLD with Zn
doping between 0 - 30 at.%. By using X-ray absorption techniques (X-ray absorption near
edge structure and extended X-ray absorption fine structure) they were able to determine
the coordination number (CN) of Sn and Zn in the films. While Sn CN is slightly below 6
due to the presence of Vo, Zn showed a surprising CN of 4 and less. This indicated that
under these conditions, Zn would adopt a coordination of 4 oxygen atoms when

substituting on Sn site inducing the formation of 2 oxygen vacancies. The resulting defect

would not be zn// but a new defect complex in the form of (znZ —Vv;)". Zhu et al,

182



identified the structure around Sn in the amorphous ZTO films to be similar to amorphous
and crystalline typical SnO; structure. Even though a large amount of the oxygen vacancy
formed is expected to be in neutral state, they suggested the conductivity is still governed
by the oxygen vacancy positively charged due to the high concentration formed through
Zn doping. The lower coordination of Zn and the apparition of oxygen vacancies to avoid
the formation of holes in these conditions could explain why the carrier concentration

shown in Figure 5.6 does not decrease dramatically.
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Figure 5. 6: Hall data of ZTO films deposited under different conditions showing the evolution of the Hall

resistivity, Hall mobility and carrier concentration as function of the Zn doping.
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The mobility also displays interesting behaviour while doping with Zn. At 400 °C, the
mobility shows an increase from 8.9 cm?/(V.s) at 0 at.% Zn to 27.5 cm?/(V.s) at 15 at.% Zn.
Above 15 at.% the mobility seems to stabilise around 30 cm2/(V.s). At 200 °C the mobility
does not vary consequently and lies between 20-26 cm?/(V.s) with the highest values
obtained at 15-20 at.% Zn. Even though the crystallinity of the samples changes with
doping it does not seem to have a huge impact on the resulting mobility. Based on the
evolution of the crystallite size shown on Figure 5.5.b, the mobility does not appear to be
limited by grain boundary scattering. The addition of Zn in SnO; when processing at low
temperature seems to stabilise and even increase the mobility of the charge carriers. This
feature may be unique among TCOs while doping to such high levels. The highest mobility
reported by Zhu et al.[9] was about 22 cm2/(V.s) and prior to their study, Ko et al.[22]
already obtained mobility of 30 cm2/(V.s) with 20 at.% Zn doping and for films annealed at
450 °C. In both cases they observed an overall increase and stabilisation of the mobility

with increasing Zn doping.

While the Zn doping is increased up to 30 at.% Zn the transparency of the films is

maintained either at low (200 °C) or high (600 °C) temperatures as shown in Figure 5.7.

a),,  T,=200°C, P,=25 mTorr b)  T_=400°C, P,=50 mTorr ¢ T,=600°C, P,=75 mTorr
90
. 80
S —
~ 70
Q
8 60
il
£ 0% zn
§ "N/, ——10% Zn
= 30l 7 ——15% Zn
2 20 % Zn
——25%2Zn
7 ——30%2Zn
0300 460 560 660 760 860 300 460 560 660 760 560 300 460 560 660 7(30 860
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 5. 7: UV-Vis transmission data measured between 300 and 800 nm wavelengths of the ZTO films deposited
ata) 200 °C and 25 mTorr, b) 400 °C and 50 mTorr, and c) 600 °C and 75 mTorr.

The transmission in the visible range (400-800 nm) is about 80 % for all the films. No
considerable change is observed in the transparency. The associated band gaps have been

extracted and plotted in Figure 5.8.
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Figure 5. 8: Band gap of the deposited ZTO films extracted using the Tauc plot method.

Overall the band gaps obtained with the ZTO films are smaller than the undoped SnO
films. The difference is less important at higher temperature where at 600 °C E; is only
0.05-0.1 eV below the value at 0 at.% Zn without showing significant changes at higher
doping. The possibility of quantum size confinement effect on E; due to the small size of
the crystallite (about 10 nm at 600 °C) has been excluded since a drop in crystalline size
would induce an increase of the band gap. However despite E; being higher for the films at
600 °C than at 400 °C, the value of E; are still lower than with 0 at.% Zn in the films even
though the crystallite size at this doping is doubled (20 nm). Also no major change with
increasing doping is observed while the crystallite size shows important variations. The
films deposited at 400 °C show a more important decrease of E; with increasing Zn doping
than those deposited at 600 °C. The case of band gap narrowing with increasing amount of
Zn has been previously reported by Vijayalakshmi et al.[15] in which they attributed it to
the large difference in band gap between ZnO and SnO.. Since the Zn present in the Sn0;
films deposited at 400 °C might mostly be surrounding by only 4 oxygen atoms (and 2 Vo)
which is the same coordination as in the ZnO structure, it would not be surprising that
with increasing amount of Zn more contribution of the 4-fold coordinated Zn would
appear in the band gap of the films. The decrease of E; observed in the films deposited at
200 °C is thought to be mainly due to the disorder present in the films. Disorder in
amorphous films induces localised energy states at the band edge (just above the VBM and
just below the CBM), these are called band tail states.[23] Due to their presence the
resulting optical band gap is smaller since the localised states participate to the optical
absorption and are located in the band gap. This phenomenon is called band tailing effect

and has been previously noted to appear in SnO; thin films.[24,25]
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The ZTO films showed good electrical performances while maintaining their optical
transparency in the visible range. The band gap was varied between 3.2-3.7 eV with the
lowest value at 3.4 eV for crystalline films and 3.2 eV for amorphous films. Such changes
could be used in band gap tailoring applications, furthermore the films showed low
resistivity at the lowest band gap. The best electrical performances were observed at Zn
doping of 20 at.% which also correspond to the highest (200) plane diffraction intensity
recorded without other secondary orientations. Therefore this amount of Zn doping has

been selected for the conductivity improvement.

2. Conductivity improvements at fixed Zn doping

In the following section the amount of doping has been fixed at 20 at.% Zn. The films have
been deposited on Si (100) oriented substrates for XRD and quartz for AC Hall and UV-vis

analysis, and the deposition temperature Tp does not exceed 400 °C.

2.1. Achievement of lowest resistivity

Three temperatures, 200, 300 and 400 °C, with Pp varying between 5-100 mTorr have
been used during the deposition of the 20 at.% Zn-doped SnO; films. The XRD data in
Figure 5.9 shows XRD data obtained for the films.
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Figure 5. 9: XRD data of the 20 at.% ZTO deposited films on Si under pressure between 5-100 mTorr and at a) 200
°C, b) 300 °C, and c) 400 °C. The Si substrate peaks are identified in addition to a small peaks attributed to a

minor SnO phase (*).
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While the films deposited at 200 and 300 °C are mostly amorphous, crystallisation is
apparent at 400 °C with strongly (200) oriented films at Pp of 50 mTorr. This observation
confirms that the introduction of Zn in Sn0; induces a thermal stabilisation of the films as
the crystallisation of undoped SnO; is generally observed around 200-300 °C depending
on the Pp applied. (Figure 5.6.a) As Tp decreases the minor SnO phases is more present in
the XRD data which could be attributed to the lower temperature and oxygen environment
required to the formation of the SnO phase.[26-28] At 400 °C the films show a change in
orientation from weak (101) diffraction peak observed at 5 mTorr to a strong (200)
intensity at 25 mTorr. This change is a consequence of the (101) surface being more
stable in very low oxygen environment stated in section 5.1.1. The decrease of crystallinity
as Pp increases is attributed to the decrease of energy in the plasma plume as more oxygen
species are present to interact with the plume species.[29] This leads to a lower energy to

allow the crystallisation of the films at this temperature.

The electric performances of the deposited films measured by Hall are shown in Figure
5.10. The Hall resistivity measured cover a wide range with values from 7.8 x102 to as low
as 2.9 x103 Q.cm. As Ty is increased, the resistivity stabilises between 10-2-10-3 {).cm with
variations of only a factor 10 at 400 °C despite the variation in Pp. This can be explained by
evaluating the evolution of the carrier concentration with changes in Tp. As the
temperature increases the carrier concentration increases owning to the increased energy
brought to the system enabling the formation of more donor defects. The deposition
parameters required to give enough energy for the creation of these defects are generally
a compromise between the deposition temperature and the oxygen pressure directly
influencing the plume energy. As it can be observed, the highest carrier concentration
achieved at 200 and 300 °C corresponds to a Pp of 25 mTorr. Above this pressure the
plume does not give the system enough energy while below it (at 5 mTorr) the growth
conditions start to favour the formation of Sn0[26,27], ie. the drop in carrier
concentration observed. This phenomenon is more detailed in section 5.2.2. The values of
the thickness, sheet resistance, resistivity, carrier concentration and mobility of the 20
at.% ZTO films are reported in table 5.1. At 400 °C while the carrier concentration does not
show consequent variation with the change in Pp, the mobility increases between 5 and 25
mTorr from 2.2 to 23.3 cm?2/(V.s) respectively. The bad crystallinity of the films at 5 mTorr
with low diffraction intensity of the (101) and (211) orientations is believed to be the

reason behind the difference in mobility.
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Figure 5. 10: Hall data of 20 at.% ZTO films deposited under different conditions under Pp between 5-100 mTorr
and at Tp between 200-400 °C showing the evolution of the Hall resistivity, Hall mobility and carrier

concentration.

The lowest resistivity achieved is 2.9 x10-3 Q.cm at 400 °C and 75 mTorr, and 4.5 x10-3
Q.cm at 200 °C and 25 mTorr. Even though these resistivities are still higher than the
lowest achieved through F or Sb doping (2-3 x10-* Q.cm)[30-32], they are close to the
values generally reached through Sb doping. Reports of ATO films deposited by PLD
generally mention resistivity about 1-3 x10-3 .cm[33,34] which is also the case for other
deposition technique such as magnetron sputtering[35], CVD[36] and spray
pyrolysis[37,38]. Some F-doped SnO; studies also report resistivity in this range[37,39,40]
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but overall SnO; doping with F induces lower resistivities. The main limitation in these
doping is the mobility. The mobility obtained with ATO films is generally about 10
cm?/(V.s)[34,35,41] while FTO films exhibit mobilities of 20 cm2/(V.s) or higher.[42,43]
The main difference between Sb/F doping and the Zn doping presented in this study is
that Sb or F directly influences the amount of charge carriers by creating an extra electron
to the system when substituting on Sn or O site respectively. Zn incorporation on Sn site is
likely to lead to the formation of more oxygen vacancy, however these defects are not
necessarily charged and consequently the charge carrier concentration barely
increases.[9] The mobility of the ZTO films deposited do not reach the improved mobility
of CVD deposited FTO films (77.5 cm?/(V.s))[43] however it is above the value generally
reported in the literature of 10-20 cm2/(V.s) for Sb and F doped SnO; films. Furthermore
the addition of Zn in SnO; does not induce a decay of the mobility, but instead an
improvement from 10 to 30 cm2/(V.s) (section 5.1.2) is observed while the introduction of

Sb as a dopant can cause a decrease of the mobility.[41,44]

Table 5. 1: Details of 20 at.% ZTO function of Tp and Pp showing the films thickness, sheet resistance, Hall

resistivity, carrier concentration and Hall mobility.

To Pp Thickness Sheetresistance Hall resistivity Carrier concentration Hall mobility
°C mTorr nm Q/square Q.cm cm-3 cm?/(V.s)

5 245 3.2x107 7.8 x102 2.5x1016 0.3

25 227 2.0x102 4.5x10-3 5.5 x1019 25.6

200 50 220 1.6 x103 3.5 x10-2 7.3 x1018 24.6
75 243 4.9 x103 1.2 x10-1 2.9 x1018 18.4

100 240 2.3 x104 5.5 x10-1 3.7 x1018 3.1

5 249 9.4 x104 2.3 1.2 x1018 2.2

25 233 2.4 x102 5.6 x10-3 4.7 x1019 23.3

300 50 228 8.9 x102 2.0 x102 1.2 x1019 26.1
75 244 5.6 x102 1.4 x10-2 1.7 x1019 27.4

100 247 7.7 x102 1.9 x10-2 1.3 x1019 24.8

5 251 7.7 x102 1.9 x10-2 7.0 x1019 4.6

25 235 2.9 x102 6.7 x10-3 4.8 x1019 19.3

400 50 222 1.9 x102 4.3x103 5.6 x1019 26.5
75 246 1.2 x102 2.9x10-3 7.4 x1019 29.0

100 245 1.8 x102 4.5x10-3 4.5x1019 30.8

Despite the changes in resistivity as the Pp increases, the mobility shows remarkable
stability. Between 25 and 75 mTorr the mobility lies between 20 and 30 cm?/(V.s) even
though the carrier concentration drops in some cases. This is thought to be due to the
films becoming more amorphous. In TCOs with a conduction band minimum mostly

localised on metal s state (such as SnO; and ZnO) the disorder in the film have a very low
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impact on the electrical properties. Since s orbitals are spherical the angular disorder has
no effect, and the large metal ion radius imply that the metal-metal atom distance stays
relatively constant.[23] Therefore the effects of disorder on s-shape conduction band are
very small and the transport properties are not altered.[45] This leads to the potential use
of amorphous ZTO films with the highest mobility of 30.8 cm?2/(V.s) at 400 °C and 100
mTorr. The effect of the amorphous state of the films on the band gap can be observed in

Figure 5.11.
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Figure 5. 11: Band gap of the 20 at.% ZTO films deposited at Tp between 200-400 °C and Pp between 5-100 mTorr.

The crystalline 20 at.% ZTO films deposited at 400 °C between 5-50 mTorr display optical
band gaps about 3.4-3.5 eV which is about 0.2 eV lower than with undoped SnO,. A second
plateau is observed at 3.2 eV which corresponds to the films in an amorphous state
owning to band tail states (most likely about the valence band). Finally a third set of band
gaps can be notice slightly below 3 eV for the films deposited at 200 and 300 °C, and under
5 mTorr. This large difference is thought to be due to the presence of Snz+ states in the
films (also responsible for the decrease in mobility and carrier concentration) which is

interpreted in the next part.

2.2. Amorphous ZTO films

In order to observe the limitations of the electronic properties in amorphous Zn-doped
SnO; films, 20 at.% ZTO films were deposited at temperatures below 200 °C. Tp was varied
between 50 and 150 °C with Pp between 5 and 50 mTorr. One of the main reasons behind
this study was to maintain the low resistivity of the films while decreasing the deposition
temperature used. The AC Hall resistivity, AC Hall mobility and carrier concentrations of

the deposited films are shown in Figure 5.12.
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Figure 5. 12: Hall data of 20 at.% ZTO films deposited under different conditions under Pp between 5-50 mTorr

and at Tp between 50-150 °C showing the evolution of the Hall resistivity, Hall mobility and carrier concentration.

It can be observed that as the temperature is increased, the resistivity is less influenced by
the changes in Pp. The lowest resistivity achieved was at 100 °C and 25 mTorr with 4.74
x10-3 Q.cm. This value is only slightly higher than the lowest obtained for the 20 at.% Zn
doping but has been achieved by using a deposition temperature 300 °C lower thus
allowing possible deposition on flexible substrates. Even though the mobility decreased
down to 19.2 cm?/(V.s) the loss was compensated by the amount of charge carrier created
by the oxygen poor environment (25 mTorr). The highest mobility obtained was at 150 °C
and 25 mTorr where it reached 22.5 cm?/(V.s). While decreasing the deposition
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temperature below 200 °C despite the increase in resistivity the mobility could be
maintained about 20 cm?/(V.s) in some cases. At 150 °C and 15 mTorr the film display a
lower resistivity despite the decrease of mobility (12.5 cm?2/(V.s). This is due to the
increase in charge carrier since less oxygen is used during the deposition, increasing the
plume energy and favouring the formation of donor type defects. 100 °C seems to be the
limit to produce 20 at.% films with resistivity below 10-2 Q.cm, below this deposition
temperature, Le. at 50 °C, the mobility of the films decreases consequently followed by the
carrier concentration. The only deposition pressure at which the film deposited at 50 °C
shows a resistivity below 101 Q.cm is 25 mTorr which also represents the Pp
corresponding to the lowest resistivity achieved at 100 °C. It is believed that this point of
pressure for Tp < 100 °C represents a compromise between the environment having too
much oxygen for the formation of donor defects (lower energy of the plume) and the
growth conditions being too oxygen-poor favouring the formation of the SnO phase. Figure
5.12 does not show the data for the films deposited at 5 mTorr and the reason behind this
lies on the impossibility to perform Hall measurement on the samples. The resistivity of
the deposited films was too high and the measurements not stable enough to extract
information about the electrical properties. The band gap of the 20 at% ZTO films

deposited between 50 and 150 °C, and a picture of the samples are shown in Figure 5.13.
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Figure 5. 13: a) Band gap of the 20 at.% ZTO films deposited at Tp between 200-400 °C and Pp between 5-100

mTorr. b) Picture of the samples deposited on quartz showing the “brownish” tint as Pp and Tp decreases.

The XRD data is not displayed here but all the films were found to be amorphous
(presumably SnO; phase) with minor SnO phase. Therefore the values of the band gap
around 3.2-3.4 eV were to be expected due to the presence of disorder in the films causing

band tailing effect. However for all the films deposited at 5 mTorr and the film deposited

192



at 50 °C and 15 mTorr, the band gaps fall below 3 eV. In the previous sections such a low
value was attributed to the presence of Sn2+ in the film. By observing Figure 5.13.b it can
be noticed that the concerned films show a “brownish” tint which fades as Pp increases to
lead to the anticipated appearance of the film, i.e. no colour change, at 50 mTorr. The
apparition of a "brownish” tint on Zn-doped films has been previously reported in the
literature by Ko et al.[25] and Zhu et al.[9]. The sample coloration was observed at very
low oxygen pressure and low deposition pressure similarly to this case. While Ko et al.
suggested it to be from mixed phases of SnO and Snz04, Zhu et al. confirmed the presence
of tin in oxidation state +2 instead of the +4 originally found in SnO;. In both cases the
presence of some 4-fold coordinated Sn2+ ions in the films led to a degradation of the
electrical properties. Large presence of Sn2* would indicate that the structure differs from
the SnO; structure and thus decrease greatly the mobility. Similar behaviour was observed
in the deposited films, which as Pp decreases when Tp < 100 °C showed both a decrease in
mobility and carrier concentration (probably due to the compensation of the charge
carriers by the SnO phase). A way to distinguish Sn2* from Sn#** is to analyse the valence
band of the materials. Figure 5.14 shows the valence band onsets analysed by XPS for two
20 at.% ZTO films, one presenting the brownish tint (50 °C and 5 mTorr) and one without
(600 °C and 100 mTorr).
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Figure 5. 14: Valence band onset measured by XPS of the 20 at.% ZTO films deposited at 50 °C and 5 mTorr, and
600 °C and 100 mTorr. The film deposited at 50 °C and 5 mTorr shows a shoulder characteristic of SnO phase. The

intensity of the signal is measured in counts per second (CPS).

While SnO; has a characteristic valence band onset about 4 eV, the onset of SnO is at a
lower binding energy (about 2 eV) due to the Sn 5s states constituting the valence

band.[17,46] The films deposited at 50 °C and 5 mTorr show two valence band offset (Ev1
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and Ey), however the film deposited at 600 °C and 100 mT without brownish tint shows
only one (about the same level as Ey1). The presence of the second onset Ey; in the film
with the brownish tint is attributed to the presence of SnO or SnOx phase as the peak
match the characteristic VB onset of SnO. A study reporting the presence of SnO phase
after the sputtering of a SnO; surface showed similar changes in the VB onset.[47] The
presence of the second onset at lower binding energy confirm the presence of Sn2* ions in
the films deposited at 5 mTorr and explain the increase in resistivity. The second onset
also shows that additional states have been formed above the VBM with the apparition of
Sn?* leading to the decrease observed in the band gap. Similar observations were reported
by Korber et al[48] with undoped and Sb-doped SnO. deposited under reducing
conditions. Along with the coloration of the samples the transparency of the films in the
visible range decreases from about 80 % and higher to less than 70 % as shown in Figure
5.15.
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Figure 5. 15: UV-Vis transmission data measured between 300 and 800 nm wavelengths of the 20 at.% ZTO films
deposited at a) 50 °C, b) 100 °C, and c) 150 °C.

The amorphous state of the films does not have a great impact on the transmission in the
visible range which globally stays above 80 %. Similarly a low resistivity was maintained
as the deposition temperature was decreased down to 100 °C by adjusting the oxygen
pressure. However the formation of Sn2+ states at very low Pp constitutes a limitation to

the electrical and optical performances of the films.

Low resistivity 20 at.% ZTO films were successfully deposited at Tp below 200 °C.
Resistivity of 4.74 x10-3 .cm and mobility of 19.2 cm?/(V.s) were achieved using only 100
°C as Tp by adjusting Pp. At low resistivity the optical transparency in the visible range was
maintained (around 80 %) however under very low Pp (function of Tp) the transparency
falls to 60-70 % and the resistivity dramatically increases. This has been attributed to the
formation of Sn?+ states in the films compensating the charge carriers and decreasing the

E; down to 3 eV. For the other films the E; was maintained between 3.2-3.4 eV.
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2.3. Impact of thickness in Sn02/ZTO

Undoped SnO; and 20 at.% Zn-doped SnO; films have been deposited on quartz at 400 °C
and 50 mTorr. The thickness was controlled through the amount of laser pulses delivered
and varied between 5 and 200 nm. Figure 5.16.a and b show the XRD data of the undoped
and Zn-doped films respectively. The diffraction peaks only appeared for thicknesses
above 50 nm. Below 50 nm the films were too thin to give a diffraction signal intense
enough to be detected, except for the undoped films where a weak signal could be
measured on films down to 20 nm thick. Even though the crystallisation at low thicknesses
could not be confirmed, the comparison between undoped and Zn-doped at 200 nm
emphasizes the preferred (200) orientation with the introduction of Zn (section 5.1.1).

The homogenous coating of the film on the substrates was confirmed by SEM.
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Figure 5. 16: XRD data of a) Sn0z and b) 20 at.% ZTO thin films deposited at 400 °C and 50 mTorr with different
thicknesses from 5-200 nm. ¢) SEM micrograph of the Sn0: deposited films displaying the homogenous covering of

the films on the substrate.

Figure 5.16.c shows the continuity of the deposited SnO; films even with a thickness as low

as 5 nm. No pinholes or islands were observed regarding of the thickness deposited which
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account for the uniformity of the films. The electrical properties of the films have been

measured by Hall and displayed in Figure 5.17.

) I = SnO, C) 4
35
A 20% ZTO o N
30 e e,
—~ 10t A o S,
g 2] %/
© . = Lo
g’ | 2 A
2 i u . i’ 209 ¥
g = A [ < b
o S 1
§ = 15 i
8 104 . = ‘1
R _8 i
n A ; R Mo
£ ‘ E 1] e .
‘g ] = W
o A N T L
172 2 A
n
10° T T T T T T T T T
0 50 100 150 200 0 50 100 150 200
Thickness (nm) Thickness (nm)
b) 0 d)
.m u
n — 10®
= § : A
[ R — - Z i A A
] k] |
~ = [
2 IS %
= < [
3 g L .
%] P
8 ;; N
T A A B 8 A “m
T = G = N
@©
- O 4o .
10° 1 T T T T T T r r r
0 50 100 150 200 0 50 100 150 200
Thickness (nm) Thickness (nm)

Figure 5. 17: Hall measurements performed on Sn0O2z and 20 at.% ZTO films deposited at 400 °C and 50 mTorr,
with thicknesses ranging from 5-200 nm showing the evolution of a) the sheet resistance, b) the Hall resistivity, c)

the Hall mobility, and d) the carrier concentration.

As shown on Figure 5.17.a, the sheet resistance remains relatively stable, at around 2000
Q/sq for the undoped films. The same phenomenon has been observed by Casey and
Stephenson[49] where they suggested the presence of a highly conductive surface layer in
SnO,. This results in an increase of the resistivity p when the thickness t increases since p
= Ryq/t with Ry the sheet resistance. The slight decrease observed in the sheet resistance is
associated to the evolution of the mobility which, unlike what Casey and Stephenson
reported, shows a clear increase with increasing thickness up to 50 nm (excluding the film
of 5 nm thickness). Takwale and Bhide[50] associated this increase in mobility to a
reduction of surface scattering. The existence of a surface conductive layer is confirmed
by the nearly monotonous decrease in carrier concentration with increasing thicknesses.
The conductivity would therefore be dominated by a surface channel of constant thickness
while the bulk brings a significantly lower contribution to the conductivity hence the

rather constant sheet resistance.[49,51] Since the main increase of resistivity with the
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increased thickness is due to the decrease of carrier concentration, it can be expected that
the surface conductive channel is due to a donor defect accumulation on the surface of the
sample (such as Vo and Sn;). The SnO; films deposited with a 5nm thickness shows
remarkably better mobility and carrier concentration. This leads to the lowest resistivity
achieved in this study (1.53 x10-3 Q..cm) considering the very low thickness of the films.
With the 5 nm SnO; films exhibiting such different electrical behaviour than the 10 nm
films, it is believed that the thickness of the surface channel would be between around 5

nm.

The addition of Zn seems to change the overall conductivity behaviour in SnO,. The sheet
resistance decreases as the thickness increases. The resulting resistivity shows a gradual
decrease up to 50 nm thicknesses where it stabilises around 3 x10-3 Q.cm. Jiang et al.[16]
associated the improvement of the electrical properties of Zn-doped SnO, compared to
undoped samples with the presence of the surface interstitial cations hence increasing the
conductivity in the surface conductive channel. However this interpretation might be
wrong since the carrier concentration of the 20 at.% ZTO films increases with increasing
thickness and stabilises at thicknesses of 50-100 nm. The increase/stabilisation observed
is a sign that the amount of charge carriers (not the concentration) is continuously
improved as the thickness increases. Therefore the Zn-doping acts in the bulk of the film
by creating more charge carriers and balances the highly conductive surface layer towards
a more homogenous repartition of the conductivity in the material (surface and bulk). The

same effect has been observed by Casey and Stephenson[49] while doping SnO, with Mo.

2.4. Summary

Over the course of this work the deposition of 20 at.% ZTO films have been covered over a
wide range of conditions with Tp extending from 50-600 °C and Pp from 5-300 mTorr. The
conductivity of the films varied between 2.9 x10-3 to over 103 Q).cm showing a 6-order of
magnitude change within a single material. Along with the range of deposition conditions
covered the work function (WF) also showed important changes as displayed in Figure

5.18.
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Figure 5. 18: WF of 20 at.% ZTO films deposited over 50-600 °C and 5-300 mTorr.

The values of WF extend between 4.3 - 4.8 eV by controlling the Tp and Pp. A part of these
variations is thought to be due to an effect of band bending happening at the surface of the
films and thus decreasing the work function. Such variation could be explored as electron

transporting layer in OPV device.

3. Testin solar cells as electron transporting layer (ETL)

In order to improve the power conversion efficiency of OPVs, charge extracting interlayers
are generally used between the bulk heterojunction layer and the electrodes. In the case of
the electron collecting electrode (the cathode) the materials generally used possess a work
function much deeper than the LUMO of the organic’s acceptor leading to a loss in energy
(Arumo) during the charge transfer as shown in Figure 5.19. The introduction of an electron
transporting layer (ETL) with a WF closer to the LUMO of the acceptor can reduce the
amount of carrier recombination and current loss, but also improves the open-circuit

voltage (Voc).[52]

Sn0; as a buffer layer is mostly used in CdTe/CdS solar cells.[53,54] However since the
expertise in the research group was focused on OPVs and especially the P3HT/ICBA BH],
and considering the toxicity of Cd the study was performed using P3HT as a donor and
ICBA as an acceptor. The energy levels of the HOMO and LUMO of P3HT, ICBA and PCBM
extracted from ref [55] are shown in Figure 5.20 along with their HOMO levels measured

by photoelectron spectroscopy and the chemical formula.
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Figure 5. 19: (left) Band diagram showing the energy offset (ALumo) between the cathode (ITO) and the acceptor
in a photovoltaic device. (middle) HOMO and LUMO energy levels of P3HT, PCBM and ICBA extracted from [55].
The HOMO levels represented by the red dots have been measured by Photoemission spectroscopy in air. The work
functions (WF) of the 20 at.% ZTO films used as ETL are represented by bars of different colours labelled A, B, C, D,
E and F corresponding respectively to the Tp/Pp: 600 °C/25 mTorr, 600 °C/75 mTorr, 600 °C/50 mTorr, 50 °C/25
mTorr, 100 °C/15 mTorr and 200 °C/75 mTorr.

The most commonly used cathode, ITO, generally possesses a work function about 4.7-4.8
eV. Considering the HOMO level of the P3HT (5 eV) and the LUMO level of the ICBA (3.7
eV), the energy offset at the cathode for the electron transfer is considerably large and the
HOMO of the P3HT might pin to the ITO Fermi level. ZnO is a common material used as
ETL with devices adopting the structure ITO/ETL/ICBA (or PCBM)/P3HT/HTL/Metal. Due
to its low WF about 3.7-4 eV, ZnO allows good improvements of the efficiency of the
devices along with Voc between 0.7-0.8 V.[56,57] Even though the 20 at.% ZTO films could
not achieve such values, WF between 4.4 and 4.7 eV can still be controlled as to observe

the effect on the efficiency of the charge transfer.

The solar cells were fabricated using inverted device structure (cathode on bottom, anode
on top) with the layers: ITO/20 at.% ZTO/ICBA/P3HT/Mo03/Ag. The interest was
brought upon the variations of the work function, therefore deposition conditions have
been chosen such that the WF changes but the resistivity remains of the same order of
magnitude (about 0.1 Q.cm). Five conditions of Tp/Pp have been selected: 600 °C/25
mTorr (WF = 4.43 eV), 600 °C/50 mTorr (WF = 4.48 eV), 50 °C/25 mTorr (WF = 4.61 eV),
100 °C/15 mTorr (WF = 4.68 eV) and 200 °C/75 mTorr (WF = 4.73 eV). Finally a last
condition was picked with a low WF but a higher resistivity: 600 °C/75 mTorr (WF = 4.44
eV). The ZTO films thickness was fixed to 100 nm as it can be observed in Figure 5.20
showing a cross-section SEM micrograph of two devices with different ETLs. To simplify
the notations, the 20 at.% ZTO films used as ETL are represented labelled A, B, C, D, E and
F corresponding respectively to the Tp/Pp: 600 °C/25 mTorr, 600 °C/75 mTorr, 600 °C/50
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mTorr, 50 °C/25 mTorr, 100 °C/15 mTorr and 200 °C/75 mTorr. Their WF is displayed in
Figure 5.19 with respect to the ICBA energy levels.
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Figure 5. 20: Cross-section SEM images of the photovoltaic devices containing (ITO/ZTO/ICBA/P3HT/Mo03/Ag)
with different 20 at.% ZTO layer used. ZTO layers deposited at a) 50 °C and 25 mTorr, and b) 600 °C and 50

mTorr.

The cleavage of the samples was performed by dipping the device in liquid nitrogen before
cutting to avoid delamination of the active layer. The two different ZTO layers picked for
the cross-section imaging are in different states, the films deposited at 50 °C are
amorphous while the films deposited at 600 °C are crystalline. No particular differences
were noticed on the layer superposition. In both cases the ZTO layer covers uniformly the
ITO layer. The delamination observed at 50 °C of the polymer is due to the splitting of the

device.

The current-voltage characteristics of the fabricated devices are shown in Figure 5.21.a.
Devices without ETL (only ITO) were also deposited however none of the cells showed a
measureable photovoltaic effect and no efficiency could be recorded. The Voc recorded for
devices are plotted alongside the WF of the 20 at.% ZTO ETL in Figure 5.21.b. While the
device with low WF ETL were easily measurable, the devices with larger WF ETL (Tp from
50 to 200 °C) showed very low efficiency with a large part of them being non-measurable.
Despite two points differing (A and D), the trend followed by the WF of the ETL is found in
the Voc which increases with lower WF. Even though the devices with the ETL A (600
°C/25 mTorr) showed a slight difference in Voc the value is still in the range expected. A
decrease of the WF of the ETL therefore leads to lower energy lost during the charge
transfer to the electrode. As the WF becomes deeper the Voc but also the overall
performances of the device decrease dramatically. This effect has been highlighted by

Greiner et al.[58] who investigated the impact of the work function of ETL/HTL in OPV.
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They suggested that if the WF of the electrode in contact with the organics (ETL) exceeds a
certain threshold, the HOMO level becomes pinned to the Fermi level of the electrode
inducing a reduced Voc. The HOMO energy level of the P3HT lies about 5 eV, relatively
close to the range of WF covered by the ZTO films. A pinning of the HOMO of the P3HT as
the WF increase above 4.6 eV is a possible explanation for the lowered Voc measured. The

performances of the devices are detailed in Table 5.2.
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Figure 5. 21: a) Current - Voltage characteristics of the photovoltaic devices with different deposition
temperature and pressure for the 20 at.% ZTO films, labelled from A to F, and one device without ETL layer. b)
Comparison between the evolution of the work function (WF) of the 20 at.% ZTO films and the Voc obtained in the

devices.

The devices fabricated showed an overall lower efficiency than what can be achieved with
an ICBA/P3HT BH].[59] The main problem seem to come from the short-circuit current
(Jsc) and the fill factor (FF) which are too low, values around -9 mA.cm-2 and 50-60%
respectively should be expected. A possible explanation is the presence of charge
recombinations at the interface ETL/organic. Another explanation lies within the level of
the WF. An important requirement for a good ETL is its low WF to match the LUMO of the
organic and to stop the holes from being collected at the cathode. ITO is a material that can
be used either as a cathode or as an anode depending on the device structure. This is due
to its deep WF (4.8 eV). Therefore if the WF of the ETL is too deep, it cannot block the
holes efficiently and recombinations with electrons occur at the cathode reducing the Jsc

and the FF. The ETL with a higher WF show the highest Jsc and FF measured.
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Table 5. 2: List of the characteristics of the measured devices for the different 20 at.% ZTO layer used (labelled
Tp/Pp). Voc is the open circuit voltage, Jsc the short circuit current density, FF the fill factor, PCE the power

conversion efficiency, Rs the series resistance and Rsh the shunt resistance.

ETL Voc Jsc FF PCE Rs Rsh
Label Tp/Pp (V) mAcm? % % Q Q
A | 600°C/25mTorr | 0.50 -2.13 40 044 417 241
600°C/75mTorr | 0.56 -1.32 43 029 475 285
600°C/50 mTorr | 0.52 -1.61 45 038 441 414
50°C/25 mTorr | 0.20 -0.07 30 0.004 1011 1891
100°C/15mTorr | 031 -1.16 36 0.13 565 265
200°C/75 mTorr | 0.14 -0.84 28 0.03 631 127

™ m O 0 W

Even though the PCE of the measured cells, about 0.4 %, is much lower than the 4 %
generally achieved with other ETL[59], the Vo clearly translates the impact of the WF of
the ETL. As the WF gets closer to the LUMO of the acceptor, the energy loss decreases and
the hole barrier is higher. However if the WF is too high, the HOMO of the donor becomes
pinned to the Fermi level decreasing dramatically the Voc and also the energy of the hole

barrier.

4. Summary

In this section the properties of Zn-doped SnO; thin films deposited at relatively low
temperatures were highlighted. Contrary to what has been studied in chapter 4, here the
Zn doping is used to improve the electrical properties even though it was originally meant
as an acceptor dopant. The incorporation of Zn did not only impact the conductivity of
SnO; but also its structural and optical properties. The study in this chapter therefore led

to some unique features of the ZTO material which are listed below.

e The introduction of Zn in SnO; induces a crystallisation along the (200) plane. Past
a certain doping (function of deposition conditions) the films become singly (200)
oriented with no other diffraction plane measured by XRD without using epitaxial
growth. This selective growth was attributed to the Zn2* ions which would favour
the formation of oxygen deficient surfaces such as (200) which possess Sn2+ states.

e Zn unexpectedly increases the charge carrier concentration at low temperature
most likely by forcing the formation of oxygen vacancies. The mobility of the films
was also found to be stabilised with the incorporation of Zn. Resistivity as low as
2.9 x10-3 Q.cm could be achieved with mobility as high as 30 cm?/(V.s) (higher
than undoped Sn0:). Amorphous films with conductivity of 4.74 x10-3 Q.cm and
mobility of 22 cm2/(V.s) were deposited at temperature of 100 °C.
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Low temperature (below 200 °C) and highly oxygen deficient environment favours
the formation of SnO phase with the introduction of Sn2* states in the films. Their
presence led to a dramatic decay of the electric properties along with a brown
coloration of the samples and a decrease of the optical band gap.

Undoped SnO; films possess a highly conductive surface channel, however the
introduction of Zn induces the formation of donor defects in the bulk of the film
and lead to a more homogenous repartition of the conductivity in the films.

A range of 0.3 eV of WF could be covered with 20 at.% ZTO films of similar
resistivity to investigate the impact as ETL in OPV device. The changes in WF are
directly linked to the measured Voc. WF too deep are likely to lead to a high

amount of carrier recombination due to low energy of the hole blocking layer.
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Conclusions and future work

This study has been focused on the deposition of SnO; thin films by PLD. The emphasis
was on the precise control of the deposition environment provided by this method. The
study of SnO; prior doping allowed a better understanding behind the mechanics of
preferential intrinsic defect formation and how to control them. The incorporation of Zn
did not act as an efficient acceptor dopant but rather as an “electron Kkiller” as predicted by
Scanlon and Watson[1], and in some conditions improved the n-type conductivity of SnO..
The main points developed in this thesis are highlighted below along with improvements

and future work that could be done.
i) Exploring intrinsic defects in undoped SnO-

In the third chapter, undoped SnO; was investigated in order to understand the
preferential formation of intrinsic defects while changing deposition parameters. The aim
was to limit the amount of donor defects formed and set a “p-type compatible”
environment for eventual acceptor doping. The variation of simple parameters such as the
deposition temperature (Tp) and the oxygen background pressure (Pp) demonstrated that
increased Tp led to the incorporation of more oxygen in the films and similarly so does an
increase in Pp. The presence of more oxygen in the films means a decreased concentration
of donor defects such as Vo and Sn; echoed in the drop in carrier concentration observed
due to the films being closer to stoichiometry. The main defects responsible for Sn0O; n-
type conductivity have been identified to be Sn; as Vo ionisation energy level lies below the
CBM. The study showed the growth environment could be controlled via Tp and Pp but

also through the target composition.

The PLD system allows stoichiometric cation transfer between the target and the films,
however the oxygen composition of the target greatly influences the film properties.
Claeyssens et al.[2] showed the presence of metal enrichment at the surface of the target
after laser exposure. In this chapter the consequences on the film electrical properties
have been clearly observed with the environment changing towards oxygen-poor as the
surface of the target is enriched in Sn from the plasma plume backscattering. The excess of
Sn is difficult to compensate with the background gas, thus different types of environment
can be set by controlling the composition of the target surface. For the deposition of highly

conductive n-type films, improved control of the Sn-rich environment is favoured.
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Therefore the increased formation of donor defects is achieved with Sn-rich target surface

while to limit these defects an O-rich/stoichiometric target surface is necessary.
ii) Limitations of Zn as acceptor dopant in SnO;

Chapter 4 focused on the introduction of Zn as an acceptor dopant and the type of
environment required for the formation of acceptor defects. Based on the results from
chapter 3, optimum limitation of donor defects was found to occur at high Tp and high Pp
however the behaviour of point defects changes with the introduction of Zn in Sn02. As Tp
increases the system possesses more energy to activate Zns, acceptor defects leading to a
decrease of the electron carrier concentration. However above a certain threshold the
increase of Pp supposedly lowering the formation energy of acceptor defects led to an
increase in donor defects instead. The mechanism behind this change is likely due a lack of
energy to form the Zns, defects and thus a rearrangement of Zn in the lattice either in

interstitial or as AX donor centre.

Upon thermal annealing in oxidising conditions more Zns, acceptor defects were activated
and the resistivity increased consequently. However the conductivity remains n-type and
the Zn acceptor dopant only acts as an “electron killer”. This limitation is in agreement
with what Scanlon and Watson[1] predicted. The growth environment is essential to
consider when trying to induce the formation of p-type defects, however even though the
p-type pinning energy is lowered in O-rich conditions, it remains above the VBM and thus

limits the formation of p-type SnO..

The use of Zn as a dopant induced an increase of the VBM towards the vacuum level. The
drop in electron carrier concentration with the activation of Zns, acceptor defects is
thought to increase the downward band bending effect present in SnO.. Such effect could
be confirmed by using angle-resolved XPS technique to probe at different depths of the
surface. In addition of forming acceptor defect and self-compensating centres, Zn is
thought to induce the formation of oxygen vacancies neighbour to the Zns, defect at low

temperature inducing an increase in n-type conductivity.
iii) Improvement of n-type electrical properties by Zn doping in SnO-

Chapter 5 focused on the use of Zn to improve the n-type electrical properties of Sn0,. ZTO
films showed preferential growth in the <200> direction especially at 400 °C and 50
mTorr where highly (200) oriented films without secondary orientations were obtained.
Zn is thought to decrease the surface energy of the reduced (200) surface by replacing the

Sn2+ states. These highly oriented films deposited on quartz or Si can be used as seed layer
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to induce preferential growth of Sn0,. Nakao et al. reported the use of TiO; seed layers to
induce the growth of (200) oriented Ta-doped Sn0[3] and W-doped SnO[4]. The induced
(200) orientation increased the films mobility from 25 cm2/(V.s) for the Ta-doped SnO;
deposited on glass to 80 cm?/(V.s). The ZTO films could be used to improve the (200)
orientation of SnO; films. Furthermore improvements can be made to the crystallinity by

varying the laser parameter, e.g. the pulse frequency to induce a more ordered growth.

The use of Zn showed improved electrical properties of the SnO; films despite the large
dopant concentration used (10-30 at.% Zn). This phenomenon was attributed to the
formation of Vo defects next to the Zns, substitution sites to stabilise the system as Zn
normally adopt a coordination 4. Undoped SnO; films have been shown to possess a
surface conductivity channel. The fact that the incorporation of Zn in the SnO; leads to a
more homogenous repartition of the conductivity in the bulk of the sample support the
hypothesis of the formation of more Vo around Zns, sites. Resistivity as low as 2.9 x10-3
Q.cm and high Hall mobility of 30 cm2/(V.s) were obtained with 20 at.% ZTO films while

maintaining the optical transparency in the visible range.

The optical band gap was found to decrease with the introduction of Zn at low
temperature. Undoped SnO; showed Eg around 3.6-3.7 eV while with the addition of Zn, E,
was decreased to 3.4 eV with single oriented (200) films and as low as 3.2 eV for
amorphous films. Such variations could find an application in band gap tailoring. Ganose
and Scanlon[5] recently reported the potential use of Pb in SnO; to decrease the E; down
to 3.17 eV by lowering the CBM while maintaining the optical transparency. This type of
band gap modulation would provide significant advantages in organic solar cells where
the alignment of the WF between the cathode and the hole injection layer are essential.
Even though the ZTO films show reduced E; it is yet unclear if it is from a lowering of the
CBM, an increase of VBM or both. WF (from KP) of about 4.7-4.8 eV suggests improvement

can be done and the incorporation of the films in devices should be investigated.

The mobility of the ZTO films does not seem to depend on the crystallinity of the films as
mobility of 30 cm2/(V.s) were obtain for both crystalline and amorphous films. The high
conductivity and large mobility of the films were successfully preserved as the deposition
temperature was decreased. 20 at.% ZTO films deposited at 100 °C showed resistivity of
4.7 x103 Q.cm and mobility of 19 cm?/(V.s) showing potential application to flexible
substrates or for deposition on organic materials. The development of low temperature
processed ZTO films was limited under very low Tp and Pp by the formation of Sn2* states

compensating the charge carriers and compromising the optical transparency.
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Appendix 1: Targets preparation and
characterisation

The use of dense targets in PLD is required to avoid particulates expulsion on the
substrate.[6] The sintering of pure SnO; powder has been reported difficult as no
significant macroscopic shrinkage has been observed through constant heating sintering
even with temperatures up to 1500 °C.[7] The sintering of Sn0O; is controlled by a non-
densifying mechanism which happens above 1200 °C. SnO; has been found to decompose
and condense above this temperature into SnO and 0. The simplified equation for the

mechanism is generally written as,

1200 °C
Equation S§1.1 Sn0, s) SnO(g) +1/20, @

However the full decomposition mechanism of Sn0O; at 1200 °C can be described by either

S1.2 or S1.3 detailed below.[8]

1200 °C

Equation S1.2 Sn0, —— Sn¥, + 05 + Vi (Vo + 2e/) + 1/20,(1)
1200°C
Equation S1.3 25n0, —— Sng, + 305 + Vg + Vs, + Sn0o(T)

The poor sinterability of SnO; requires the use of sintering aids to help the densification
process. Due to its close ionic radii, Zn is a good choice for the sintering of SnO. The use of
Zn promotes the densification of SnO; by inducing the formation of oxygen vacancies in

the structure.

i Sno, // oo x
Equation S1.4 n0 —Zng, +Vy + 0p

The mechanism responsible for the densification is the suppression of the decomposition
of Sn0; at high temperature (Equation S1.1) and the formation of ZnSnOs; or Zn,Sn0.
phases at the grain boundaries.[8,9] The segregation of Zn at the grain boundaries of the
SnO; structure has been reported in several studies[8,10] and is found to help the

densification of SnO; during the sintering process.

Zn as a densification aid in SnO; has been successfully reported with Zn concentration
about 0.25-9 at.% and at sintering temperature between 1200 and 1500 °C.[8,10-12] The

relative density obtained were above 95 % of the maximum density of the material.
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Therefore Zn has been used to promote the fabrication of dense SnO; targets. A
dilatometric study on a 30 at.% Zn in SnO, powder mix was done to find the optimum
sintering parameter and a series of Zn-doped SnO; targets with Zn content between 10

and 30 at.% were prepared.

1. Target preparation

The pure Sn0O; target was commercially purchased (Mateck, purity 99.99 %, density > 95
%) since the sintering was not possible. For the Zn-doped Sn0; (ZTO) targets ZnO powder
(99.99 %, trace metal basis, Sigma Aldrich) was mixed in the desired proportion (between
10 and 30 at.% Zn) with SnO; powder (> 99.99%, trace metal basis, Sigma Aldrich). The
powders used for the ZTO targets were ball milled during 48 h in methanol to have a
uniform mixing of the powder. The mix was then dried and pressed into compact pellet
using a dye under a pressure of 1.2 tons. The pressed powder pellets were then ready for

either dilatometry analysis or sintering process.

The dilatometric analysis was performed on the highest concentration of Zn used, e.g. 30

at.% Zn. Two steps were required to determine the optimum sintering temperature, a

sintering ramp up to 1500 °C to find the highest shrinkage rate %T/lo while measuring the

linear shrinkage of the ceramic Al/ly, where 1 is the measured length of the sample varying
with the temperature T and ly is the initial length of the sample. After this step a isotherm
at the chosen temperature is required to establish the duration of sintering and to confirm
the densification of the target. The sintering ramp up to 1500 °C with a heating rate of 10
°C/min of the 30 at.% Zn-doped SnO; target is shown on Figure S1.1.

0.024 A L 0.0010
e d(AL/LO)/dT
T Isotherm
0.00 - P L 0.0008
1 ‘ L 0.0006
-0.02 4
1 L 0.0004
-0.04 - Isotherm =
1355°C 5
e ] ; L 0.0002 2
3 00 0.0000 <
] oot ~0. —
0.08 =
] L -0.0002 ©
-0.101 L -0.0004
-0.12 4 L -0.0006
0.14 ———————— -0.0008
0 200 400 600 800 1000 1200 1400

T (°C)

Figure S1. 1: Linear shrinkage (black) and shrinkage rate (blue) of a 30 at.% ZTO target sintering ramp up to
1500 °C at 10 °C/min.
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The highest shrinkage rate measured was at 1233 °C, however the resulting density if the
target was too low and a second temperature of 1355 °C was selected for the isotherm

presented on Figure S1.2.
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Figure S1. 2: Isotherm of the 30 at.% ZTO target done at 1233 °C (in black) and 1355 °C (red).

In order to calculate the referential density (do) of a mix of component, the rule of mixture
is applied as do vary with the composition. In the case of a powder mix between two
components the total density do can be expressed as,

. _ Wldz ) ( _ Wle )
Equation §1.5 do = d4 (wl(dz—d1)+d1 tdz (1 wq(dy—dq)+d,

Where d; and d; the density of the two components and w; the weight percentage of
component 1 in the mix. The experimental density (d) is extrapolated by measuring the
weight and the volume of the cylindrical target, d is then compared to do and expressed as
a percentage. Based on this equation the respective theoretical density could be calculated
in the case of the 30 at.% ZTO mix and it was found that at 1355 °C the target shows a
much higher densification (90 %) than at 1233 °C (71.8 %). The densification is also faster
at 1355 °C since only 5 h were necessary to reach 90 % density while at 1233 °C it took
13h to obtain 72 % density. The XRD analysis of the target was performed and is shown in
Figure S1.3.

215



Phases

esn0, | ‘ 30 at.% ZTO
o SnO
¢ Zn,SnO,
ZnO
» ZnSnO,
- . °
3 ] .
HC_)— i
T e
T ’k o ® e ¢
- L[]
E .
- . L]
4 * L °
_.MJ I 4 'Y r ..’ .‘ A ¢ It °

Powder
T T T T T T T T T T T T 1

20 30 40 50 60 70 80 90
20 (°)

Figure S1. 3: XRD data of the 30 at.% ZTO powder and sintered targets at 1233 and 1355 °C respectively. The

different phases are indicated by several signs on the corresponding peaks.

It can be observed that after sintering the target does not show ZnO phase (only in very
small quantity). The only phases present are SnO; rutile, Zn,Sn0O4 and a small amount of
ZnSnOs. The presence of the ZnSn03 and Zn,Sn04 indicates that Zn has successfully helped
the densification of SnO; since a density of 90 % was reached. The presence of phases
other than SnO; is not a concern since the PLD process does not take into account the

phases but the cation ratio in the target.

The optimum sintering temperature has been found to be 1355 °C with density up to 90 %
for only 5h of sintering. Therefore this temperature was used for the preparation of the
ZTO targets, however the duration of sintering was pushed to 10 h to slightly improve the
densification. The sintering was done in air in a furnace with a heating rate of 5 °C/min.

The list of target sintered is presented in table S1 along with their respective densities.

Table S1. 1: List of ZTO target prepared with Zn at.% between 10 and 30 and their respective

experimental and theoretical densities (d and do respectively).

Zn dopant d do d/do
at.% gcm3 gcm3 %

10 6.43 6.85 939

15 6.50 6.81 955

20 639 6.76 946

25 586 6.70 874

30 587 6.66 88.1
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The lower density observed compared to the dilatometry is due to the larger size of the

sample (5 mm diameter for the dilatometry against 22 mm diameter for the target

sintering. The XRD data of the different targets is shown in Figure S1.4.
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Figure S1. 4: XRD data of the ZTO targets sintered at 1355 °C during 10 h in air.

The ZTO targets all show presence of ZnSnO3 and Zn,SnO. which accounts for the

densification displayed in table S1.1. All the target densities are about 90 % and higher

which is considered enough to be used in PLD.

2. Non-homogeneity of Zn in the targets

In order to confirm the incorporation of the right amount of Zn in the target, EDX analysis

were performed to determine the Zn/Sn ratio. However, surprisingly the targets showed

no presence of Zn in the first analysis. A cross-section EDX of the 30 at.% ZTO target

revealed that the surface contains only Sn0O; while Zn accumulates at the centre of the

target as shown in Figure S1.5.
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Figure S1. 5: SEM cross-section image of the 30 at.% ZTO target coupled with EDX point analysis at different
locations referred by their number (from 1 to 9, 1 being closer to the surface and 9 towards the centre of the

target).

The analysis showed no presence of Zn was measured within the first 40-50 um of the
target. An gradual increase of Zn at.% is observed towards the centre of the target. The Zn
concentration even exceed 30 at.% therefore the Zn incorporation in the films must be
carefully monitored after each deposition. The Zn depletion at the surface of the target can

be clearly observed in Figure S1.6.

218



Zn Kal map Snlal map

Figure S1. 6: EDX map of the Zn Kal and Sn Lal displayed in the dark rectangle. The background in light grey
represent the SEM of the cross-section of the 30 at.% ZTO target.

Since Zn is not present within the first 50 um of the target and also not homogenously
distributed in the target, the targets had to be carefully polished until the required doping
is reached. The Zn doping was controlled after every set of depositions to avoid any

inconsistency in the study.
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Appendix 2: Assessment of Zn doping
through EDX measurements

Over the different sets of deposition achieved, the amount of doping was regularly
assessed via EDX as to ensure the right amount of Zn was incorporated in the films.
Considering the thickness of the films (about 200 nm) the signals from Zn and Sn are
rather weak compared to the substrate. Therefore quartz samples had to be used to obtain
a clear signal from the films. Each analysed sample was averaged by two to three
measurements at different zones. All films were coated with 5-10 nm of gold and the
measurements were performed over an area of 200 pm x 200 um. The data shown below

is separated in two part: films with 20 at.% Zn and films with varying Zn doping.

1. 20 at.% ZTO

As mentioned in appendix 1, the repartition of Zn in the targets is not homogenous and
thus must be monitored after the depositions. Figure S2.1 represent a typical EDX data
obtained for a 20 at.% ZTO film (deposited at 600 °C and 100 mTorr).

Si

Au
4000

2000

Counts

Energy (keV)

Figure S2. 1: EDX data of a 20 at.% ZTO film deposited at 600 °C and 100 mTorr on quartz substrate. The emission

peaks are labelled to their respective element.

Several elements can be observed from this measurement. The most intense peak at 1.74
eV corresponds to the Si present in large quantity in the substrate. The peaks present at
2.15 and 9.63 eV but also part of the peak at 1.74 eV corresponds to the gold present on
the surface. Some traces of carbon can be found at 0.25 eV and the peak at 0.51 eV is

attributed to the oxygen. However the oxygen peak cannot be used to determine the
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amount of oxygen in the films as the substrates also contain some. Finally the main peaks
of interest are the pack of peaks between 3-4.4 eV which corresponds to the Sn element
and the peaks at 1.02 and 8.63 eV arise from the presence of Zn in the films. The atomic
ratios are calculated by the software which takes into account all the elements indicated

and finally the atomic ratio between Zn and Sn can be extracted.

Regarding the 20 at.% ZTO films deposited in Chapter 4, the overall measurements
showed the films contained 20.0 + 0.8 at.% Zn. The deviation is less than 1 at.% and shows
the reproducibility of the doping despite the initial large variations within the target.
Similar doping was used in Chapter 5 and the measurements showed the amount of Zn
incorporated remains similar with 19.9 + 0.6 at.% Zn even though the depositions were
note performed during the same period of time. This consistency is attributed to the
careful adjustments of the amount of Zn incorporated in the films from the target after

multiple target polishing and laser ablation.

2. Zn doping variation

The amount of Zn incorporated in the films while using different target compositions was
monitored in two sections referring each to two different studies, respectively chapter 4

and chapter 5.

Figure S2.2.a shows the evolution of the EDX data with increasing doping regarding the
films deposited in chapter 4. The energy displayed in the graph has been cut to 5 eV since
the interest is brought on the Zn peak at 1.02 eV. The peak at 8.63 eV is too shallow to
bring specific visual information. As the amount of Zn increases in the target the Zn peak
intensity increases accordingly with as well a decrease of the Sn peak intensity. The mean
value of the atomic ratios of Zn extracted with the EDX measurements along are presented

in Figure S2.2.b along with their respective standard deviations.
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Figure S2. 2: a) EDX data of the ZTO films deposited at 600 °C and 100 mTorr on quartz with Zn doping varying
between10-30 at.%. b) Graph showing the amount of dopant measured by EDX function of the amount of Zn
initially put in the ZTO target. The red line represents the functiony = x.

The measurements report a Zn content on the same order that of the Zn in the target,
except for the 10 at.% ZTO target where the content is clearly lower (about 7 at.% Zn). The
films deposited with 15 and 25 at.% targets shows Zn content slightly off what was

expected however the standard deviation do not exceed 1.5 at.% in the worst case.

Concerning the films deposited in Chapter 5, their EDX measurements and the mean

amount of Zn doping can be found in Figure S2.3.
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Figure S2. 3: a) EDX data of the ZTO films deposited at 400 °C and 50 mTorr on quartz with Zn doping varying
between10-30 at.%. b) Graph showing the amount of dopant measured by EDX function of the amount of Zn
initially put in the ZTO target. The red line represents the functiony = x.
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The measurements still show an increase of the Zn peak and decrease of Sn peaks as more
dopant is added. However slight deviations persist from the content measured in Figure
S2.2. The films deposited with the 30 at.% ZTO target show lower concentration of Zn
while those deposited with the 15 at.% target display higher concentrations. But the
concentrations of Zn in the films remain of the same order to those deposited previously.

The same lower doping was measured for the films deposited with the 10 at.% ZTO target.

Finally the overall Zn doping averaged for all the samples analysed gathering those from

chapter 4 and 5 is shown in Figure S2.4.
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Figure S2. 4: Average amount of Zn measured across all the films measured function of the initial Zn

concentration in the target.

Due to the control of the amount of Zn at the surface of the target, via polishing, the Zn
content can be adjusted in the films to the value required. Overall the doping present in
the films is similar to those in the prepared targets apart from the 10 at.% target which
shows lower doping in the films. However this is not problematic since the amount of Zn

incorporated remained rather constant over the various depositions.
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Appendix 3: Complementary data
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Figure S3. 1: Transfer curve of 10, 15, 25 and 30 at.% ZTO films deposited on Fraunhofer OFET substrates at 600

°C, under 100 mTorr, not annealed (NA) and annealed at 600 and 700 °C in oxygen. The transfer curves were

measured in saturation mode and represent the drain current (Id) function of the gate voltage (Vg) at fixed drain

voltage (Vd). The channel width was fixed at 2 mm and its length was 20 um for the NA and 600 °C annealed

samples, and 10 um for the 700 °C annealed samples. urE represents the saturation field effect mobility extracted

from the transfer curves.
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Figure S3. 2: Transfer curve of 10, 15, 25 and 30 at.% ZTO films deposited on Fraunhofer OFET substrates at 600
°C, under 250 mTorr, not annealed (NA) and annealed at 600 and 700 °C in oxygen. The transfer curves were
measured in saturation mode and represent the drain current (Id) function of the gate voltage (Vg) at fixed drain
voltage (Vd). The channel width was fixed at 2 mm and its length was 20 um for the NA and 600 °C annealed
samples, and 10 um for the 700 °C annealed samples. urr represents the saturation field effect mobility extracted

from the transfer curves.
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Figure S$3. 3: Valence band Onset measured by XPS of. The VB onset is shown for different annealings (NA, A600C
and A700C), Pp (100 and 250 mTorr) and Zn doping (10-20 at.%). a) General VB onset and b) determination of
the VBM position related to the Fermi edge (0 eV).
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Figure 4. 21: Band gap extracted via the Tauc plot method for ZTO films with Zn doping from 0-30 at.% deposited
at 600 °C, under a) 100 and b) 250 mTorr, not annealed (NA) and annealed in oxygen at 600 and 700 °C.
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