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Summary

In this thesis the electronic, optical, electrical, and mechanical properties of two
p-type transparent conducting oxides will be explored, primarily by spectroscopic
techniques. The initial chapters will outline how high optical transparency and
electrical conductivity can co-exist within one material, so called Transparent
Conducting Materials (TCMs). The most industrially relevant subset of these
materials, n-type Transparent Conducting Oxides (TCOs), have been pervasive

in optoelectronics. The p-type counterparts suffer from inferior properties.

One of these p-type TCOs, Cry_,Mg,O3, will be shown to have electrical
properties that are not strongly correlated with crystalline quality. Cro_,Mg,O3
will be analysed by a variety of spectroscopic techniques: x-ray absorption spec-
troscopy, x-ray photoelectron spectroscopy and resonant photoemission spectroscopy.
The consensus from this spectroscopic analysis will show that the charge carriers
within the material created by magnesium doping are highly localised upon the
Cr 3d states. Similarly, results from spectroscopy on a newly discovered p-type
oxide, nanocrystalline Cu,CrO, will demonstrate that charge carriers are also
highly localised upon the Cr 3d states. The author will then conclude that these
localised charge carriers can be correlated to the low mobility within chromium
based oxides. The highly conductive nature of the copper deficient Cu,CrO, films
will be also linked the presence of copper vacancies within the material.

Despite the low mobility of some p-type oxides they have found applications
within electronic devices. Two electronics devices (solar cells and transparent
diodes) that will be dealt with in this thesis are composed of numerous inter-

faces: optimising these interfaces is crucial to maximising the performance of an
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overall device. Chapter 3 will outline an experimental technique that can probe
the energy band alignment of two materials. This technique will reveal that
Cry_,Mg,O3 has the appropriate energy band alignment with ITO, the anode in
an organic solar cell, to be an efficient selective contact for extraction of holes
generated in the cell.

Separately, interface studies of a transparent diode of Cry_,Mg,O3 and ZnO
will reveal that a large amount of defect states exist at the interface, leading to
a high ideality factor for all Cry_,Mg,O3/Zn0O diodes manufactured within this
work.

Finally, the resilience of Cu,CrO, to mechanical strain will be investigated
by depositing it on flexible substrates and looking at the effects on the electrical

properties of the thin films.
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Chapter 1

Introduction

Transparent Conducting Oxides (TCOs) are a specific subset of materials which
possess both high optical transparency and electrical conductivity. TCOs have
outshone other Transparent Conducting Materials (TCMs) not due to their su-
perior performance but because of more practical benefits, i.e, they are easily
patterned by lithography, stable in air and easily deposited over large areas [1].
One of the first reported TCOs, Indium Tin Oxide (ITO), was originally used
to generate heat when deposited on aircraft windows thereby defrosting ice that
built up on these screens [2]. Since then, the combination of possessing optical
transparency while retaining a high conductivity have made TCOs pervasive in
electronic devices, e.g, thin film solar cells, light emitting diodes, and flat panel
displays [1, 3].

An important part of conventional electronic devices is based on having the
availability of both p and n-type counterparts [4]. The focus of TCO research
has moved to now designing a p-type. The original difficulty for TCO research
lay in the unorthodox set of properties required for such materials: both high
electrical conductivity (tending towards metals) and optical transparency (tend-
ing towards insulators) is a rarity in one material. The additional criteria of
p-type conduction brought further complications due to fact the valence band of
oxides are comprised of localized O 2p orbitals. Localized charge carriers will have

a high effective mass, thereby lowering the conductivity of the material signifi-
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cantly. Only in 1997 was a p-type material of both high optical transparency and
conductivity found [5]. Chapter 2 will outline the width and breadth of the trans-
parent conducting materials that have been engineered since then; with a focus
on materials that are industrially relevant. With such a wide range of TCMs a
performance rating parameter is needed within the literature was required. A dis-
cussion on the appropriate use of the Figure of Merit, which is the performance
rating parameter of choice within the literature will be included. The goal of
this discussion is to provide an accurate picture of where chromium based p-type
TCOs fit in the larger field, which will be the materials that will be focus of this
thesis. Chromium based TCOs have been some of the newest discovered in the

field [6].

The technology behind conventional semiconductor materials such as silicon
and germanium relies on both p-type and n-type doping to be possible in the same
parent material [7]. The ideal solution would be the possibility of p-type doping
the best performing n-type oxides, e.g, InsO3 or ZnO: creating p-type conduction
in the n-type counterparts has been difficult due to parasitic instrinsic defects

that compensate the extrinsic p-type doping of the parent material [8].

Chromium (III) oxide is one of the few oxides that has shown stable p and n-
type doping but suffers from relatively low electrical conductivity and mobility [9—
12]. In Chapter 4, spectroscopic studies of p-type Cry_,Mg,O3 will provide insight
into the electronic structure of the valence band and the origin of the low mobility

of holes within this oxide.

Despite the fact that bipolar doping of the CryOj3 lattice could lead to the
“invisible circuit” proposed by Thomas in 1997 [13], a more tangible application for
p-type oxides is the role they have found in laboratory devices. The incorporation
of p-type Cry_,Mg,.Oj3 films into prototype devices such as thin film solar cells
and transparent diodes will be discussed. The valence band and conduction
band offsets between Cry_,Mg,O3 in contact with other TCOs governs important

properties of electronic devices. No general model for understanding how two
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oxides put into contact will align has been developed thus far. Chapter 4 will
outline an experimental method that can map the interface properties of any two
materials, which will be used to investigate the interface of Cry_,Mg,O3 with
ITO and ZnO.

In spite of the prevalence of n-type TCOs within electronic devices they have
been used as a passive layer, e.g, as a transparent contact, until the development
of the n-type TCO Indium Gallium Zinc Oxide (IGZO). The high mobility that
could be achieved for IGZO deposited at room temperature enabled it to be-
come competitive with amorphous hydrogenated silicon as an active layer in flat
screen displays [3]. In contrast, p-type oxides require extremely high deposition
temperatures. The analogous p-type amorphous oxide to IGZO, Rhodium Zinc
Oxide, has very low conductivity so is not appropriate for many industrial appli-
cations. In Chapter 5, the electronic and structural properties of a relatively low
deposition temperature TCO, Cu,CrO,, will be explored. Such a low deposition
temperature made this TCO compatible for growth upon flexible polyimide films.
Hence, it will be investigated as a large area flexible p-type TCO electrode.

Finally, one overall objective within this thesis will be to investigate the fun-
damental physics behind the mobility of charge carriers within chromium based
p-type transparent conducting oxides in the hope that by understanding the lim-

itation of these materials the electrical properties could be improved.
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Chapter 2

An Overview of Transparent Conducting

Materials

High optical transparency in the visible light regime (hv = 1.5-3.1 €V) is rarely
found in a material that is also an electrical conductor. Figure 2.1 illustrates
the electronic structure of insulators, semiconductors and metallic conductors.
Most insulators are highly optically transparent due to a fundamental band gap
greater than 7 eV that means no absorption of photons will occur in the visible
range. Metals have no band gap but are highly conductive. However there are
several ways to artificially engineer transparency and conductivity within the

same material.

This chapter will outline how these properties can coexist in materials and will
highlight the necessity of Transparent Conducting Materials (TCMs). The litera-
ture’s current Figure of Merit (FoM) for performance rating different transparent
materials will be shown to be a useful metric to compare various different TCOs.
However, the FOM does not reflect the true merit of a transparent material for
an industrial application. Finally, the necessity of p-type transparent conducting
oxides will be reviewed. An emphasis will be placed on the numerous chromium

based transparent conducting oxides that have been reported recently.
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Metal p type n type Insulator
transparent semi-
conductor conductor

By <3 eV [y >3 eV Fermi Energy

Ey <3¢V E, >3 &V

p type Intrinsic n type
semi- tr;msFarent
conductor conductor

Figure 2.1: Comparison of the density of states for metals, insulators and semi-
conductors. Here, height represents energy while width is the density of available
states at a certain energy in the material listed. The select shading of areas
follows the Fermi-Dirac distribution (black = all states filled, white = no state
filled, = Fermi Level).

2.1 Range of Transparent Conducting Materials

The simplest method of manufacturing a TCM is to reduce the thickness of an
electrical conductor; the amount of light a material absorbs increases exponen-
tially with thickness [1]. A single monolayer of graphene absorbs only 2.3 % of
light and is considered a transparent conductor even though it possesses no band
gap [2]. Alternatively, one can deposit a conductive nanowire array. Typically,
these arrays are called nanowire networks. They are solution processed and then
annealed to form junctions between the individual nanowires. The resulting mesh
is flexible, conductive, and dispersed enough to allow penetration of light [3].
Another method of engineering a TCM is based on semiconductors which have
a band gap and are poor conductors of electricity. Semiconductors can have their
electronic properties altered through either intrinsic or extrinsic doping. Extrin-
sic, also called substitutional, doping involves replacement of bulk atoms with
different elements. In a bulk sample small amounts of atoms, 104 to 10%*° cm—3
(up to 0.1 %), are replaced by higher (n-type) or lower (p-type) number of va-

lence electrons. Substitutional doping is well researched for silicon. Neighbouring

7
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Table 2.1: Comparing four concepts to achieve transparent electrodes: con-
ducting oxides, organic conducting polymers, two-dimensional materials, metal

nanowire networks

Transparent Metal Two- Organic
Conducting Nanowire dimensional Conducting
Oxides (n-type) Networks Materials Polymers
Dirac Cone,

HOMO-LUMO

Doped Metallic conduction Zero Band Ga
. semiconductor Small diameter and B ap >3eV
Electronic . .
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Band - . Transparency
within the nanowires . Charge
Structure . L arises from
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Optical Band ga trans low absorption C lex:
P £2p parency with atomic omplex:
<4 eV
monolayer
, 1TO, AZO, PEDOT:PSS,
ﬁjﬁfﬁ;ﬁ FTO, Aﬁ’i CZIL %“’ Graphene PPS, PT,
° ) 1GZO0, 170, P PPY, PANI,
ZTO PAC, PPV
Sheet = !
Resistance 1-100 Q/sq. 500-3000 ©/sq. 500-3000 €2/sq. 500-3000 ©/sq.
Magnetron
Sputtering (RF, DC) [4] Chemical Vapour
Spray Pyrolysis Drop casting [5] Deposition [7]
Deposition Atomic Layer Spray Coating [5] l\rIec.ha.mcal Spin Coating [9]
Deposition Exfoliation [8]
POStLL Nanoimprinted
Chemical Vapour Wire Meshes [6] []J;‘i?s;nslt;ﬁllon[s—}s—
Deposition peasting
Spin Coating
Widely used most
Industrial devices that Prototype Prototype Prototype
Uptake require an Devices Devices Devices
transparent
electrode
Cost (Indium) [10] Stability in air Difficult to Upscale [11]
Limitations No industrial Cost (Ag) High resistance Stability [12]
p-type & in practical devices [11]
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elements on the periodic table e.g., boron, phosphorous, and arsenic are substi-
tuted for silicon atoms. Since phosphorus/arsenic have five valence electrons
when coordinated within the lattice of silicon atoms the extra valence electron is
loosely bound. This creates donor levels that lie just below the conduction band.
Thermal energy at room temperature is usually sufficient to promote the donor

electrons into the conduction band.

However, bulk silicon, in an undoped state, has an optical band gap of 1.14 eV
which means it will not be optically transparent [13, 14]. If the optical band gap
is larger than 3.1 eV no absorption of light will occur within the visible regime
and it will be transparent to the human eye. This is illustrated in Figure 2.1.
Intrinsically doped cadmium oxide (CdO) was the first transparent conducting
oxide reported in 1907 [15]. CdO had a visible transmission of greater than 60 %
(between photon energies of 1.5-3.1 €V) and possesses a low sheet resistance of
30-60 ©/0J, performing well as a n-type Transparent Conducting Oxide (TCO)
film [16]. However, the toxicity of cadmium limited widespread applicability
within industry. A solid solution of InyO3 and SnOs (ITO) produces films that can

have greater than 90 % transparency and sheet resistance as low as 10 Q /O [17].

Organic transparent conductors are another subset of doped materials that do
not absorb light below the threshold of 3.1 eV. Organic conductors are composed
of carbon atoms forming the polymer backbone. Where semiconductors like sil-
icon are substitutional doped, the conductivity of organic conductors is linked
to the intrinsic mobility of the carbon polymer chain but improved by oxidising
or reducing the material. Organic conductors are printable over a large area at
a relatively low cost. The most successful organic conductor has been poly(3,4-
ethylenedioxythiophene) doped with polystyrene sulfonic acid (PEDOT:PSS). Re-
cently, the lowest value of the conductivity for PEDOT:PSS (50 ©2/0J) is achieved

when treated by sulphuric acid [18].
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2.2 Figure of Merit

As outlined above there are three or four methods of engineering a TCM. Within
each of these subsets there is a high frequency of newly reported or refined materi-
als. With an expanding field of new TCMs a performance rating has been sought:
this has often fallen to the Figure of Merit (FoM). It would seem intuitive to
define the FoM as weighting the transmittance versus electrical sheet resistance.
The transmittance is the ratio of light incident on the material versus the light
that passes through the material. The definition of electrical sheet resistance can

be derived from the bulk resistivity, p , of a three dimensional sample:

ES!
Rap = —— 2.1
=20 21)
where 1 is the length, w is the width and t the thickness of the sample. If uniform

thickness of a thin is assumed the resistivity, p, the thin film resistance can be

written as:

R, x1

Rthin film — (22)

Sheet resistance is the measurements of thin films which are considered two di-
mensional objects. Sheet resistance measurements were carried out with a linear

four point probe geometry.

The thickness of our thin films can be precisely determined by X-ray Reflec-
tivity (XRR), outlined in section 3.10. Therefore the resistivity of the sample can

be calculated from the sheet resistance, R, as:

p=Rsxt (2.3)

Resistivity has the standard unit 2m. This would make the unit of sheet resis-
tance §2. The sheet resistance is conventionally defined as ohm per square (€2/07)

which is dimensionally the same. The naming convention represents an “aspect

10
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ratio”: if the sheet resistance of a thin film is 10 €2 it has an actual resistance of

10 €2, regardless the size of the square.

In fact directly weighting sheet resistance versus transmittance was the origi-

nal suggestion by Fraser and Cook for a FoM:

T
FFraser, Cook — ﬁs = O'te_at (24)

where T is the transmittance and Rg is the sheet resistance, « is the absorption
coefficient and t is the thickness of the material [19]. The absorption coefficient
(a) describes the extent to which the radiant flux of a light beam is reduced as
it passes through a specific material. It was noted by Haacke shortly after that
this definition weights too heavily in favour of electrical conductance [20]. The
maximum FoM would occur at a thickness where the optical transmission would
be only 37 %. Such a transmittance is too low for most transparent conductor

applications. Haacke suggested an improvement on the FoM:

FHaacke = . ote (2.5)

R,
Haacke chose empirically the value of x to be ten so that the maximum FoM would
occur at ninety percent transmission, which is the ideal optical transparency
required for most electro-optical devices. This is readily used in many review
papers for silver nanowires networks and transparent electrodes [21]. However,

when compared to the previous Frpaser, cook the maximum of Faacke Occurs at a

reduced thickness and as the sheet resistance is a function of the thickness:

R, = g (2.6)

where p is the resistivity of the film: this unfairly weights the performance of
materials that are highly conductive materials at very low thicknesses, like silver
nanowire networks. Several papers subsequently suggested alternative FoMs but

the most notable is the uptake of the FoM developed by Jain and Kulshreshtha

11
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but popularised by Gordon in a Material Research Society Bulletin [22, 23]. This
FoM weights the electrical conductivity against the absorption coefficient, both

bulk material properties:

o t 1 1
Foron:_:__- = — 2.7
Gord a p In(T,, + Ray) RsIn(T,, + Ryy) (2.7)

where p is the film resistivity, t is the thickness, T,, and R,, are the average
reflectance and transmittance between 1.5-3.1 eV [23].

To acquire the absorption coefficient (a) of a thin film the transmittance (7")
and reflectance (R) spectra of the material is taken by UV-Vis spectroscopy. The
absorptance of a material is then be related to the transmittance and reflectance

by the following relation:

T+R+A=1 (2.8)

Utilising the Beer Lambert law the absorption coefficient can then be approx-

imately related to 7" and R by the following equation:

a:—m€+3) (2.9)

where t is the thickness of the thin film being analysed. The thickness of a
thin film was measured precisely by X-Ray Reflectivity (XRR).

Faordon is theoretically independent of thickness if the microstructure of the
film does not depend on thickness. However, the original paper cautioned to
choose thin films of constant thickness when comparing different materials due
to the fact that many transparent conducting materials have morphologies that
varying with thickness e.g., polycrystalline thin films.

It should be noted a single value of FoM is unique to a single absorption coef-
ficient to conductivity ratio. However, it is not unique to one value of transmit-
tance or sheet resistance for a material. Figure 2.2 illustrates the range of Ry vs

transmission and reflectance values that will give the same value of FoM. A single

12
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Figure 2.2: Plot showing the range of R, vs transmission ratios that will give the
same value figure of merit. A range of values of the FoM are plotted (2-300 pu.S).

material can traverse a range of a sheet resistance, transmittance and reflectance
values but maintain a single value of the FoM. Ideally a comparison between var-
ious TCM should be made only when you can compare the bulk values of DC
electrical conductivity and absorption coefficient. However, many papers only
provide one value of sheet resistance and one value transmittance, no reflectance
measurement. If reflectance measurements are not performed (which occurs fre-
quently in the literature) the thickness independence of Fgorqon is negated and

the FoM is altered to:

FGordon = (21())

o9
12
S

n(7,,)
The reflectance losses can be detrimental to the performance of a TCM and should
be included in the FoM . However, these reflectance losses could be alleviated
when embedded into a real device with an overlayer like a metal contact and so
the use of equation 2.10 could be argued to be justified.

However, to illustrate the dependence of the modified FoM on film thickness,

figure 2.3 shows the modelled transmission of films of n-type ZnO on glass, for

13
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Figure 2.3: Modelled transmission and reflection data of ZnO thin films on

glass. The grey spectral region was used to calculate the average transmission
and reflection.
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Figure 2.4: Figure of merit of ZnO and Cu,,CrO, thin films of varying thick-

ness using average transmission and reflectance T+R (m) versus only average
transmission T (e)[15, 24-32].
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Figure 2.5: Modelled transmission and reflection data of Cuy,CrO, thin films
on glass. The grey spectral region was used to calculate the average transmission
and reflection.

thicknesses between 50 and 150 nm.

The low amplitude of the Fabry-Pérot interference fringes results in a mini-
mal change in the average transmission as a function of thickness. . These Fabry-
Pérot interference fringes arise from two films of differing refractive index with
thicknesses on the order of the wavelength of visible light causing interference
fringes. The amplitude these fringes will vary with film thickness and the differ-
ence between the refractive indices. Figure 2.4 plots the FoM calculated from
equations 2.7 and 2.10. If equation 2.7 is used the value of the FoM is constant as
a function of thickness, as expected. However, an order magnitude change in the
value of the FoM is seen if using In 7}, within the thickness range of 50 to 150 nm.
The small change in the average transmission impacts the FoM for equation 2.10

strongly due to the fact that intrinsically doped ZnO has a high sheet resistance.

Across all materials the magnitude of this effect over a thickness range will
not be constant as it depends on the refractive index. The reflectance and trans-
mission spectra are modelled for p-type Cug4CrO; thin films of thickness 50 nm

to 150 nm upon glass in figure 2.5. The reflectance at 50 nm reaches a maximum
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of 30 %. Above a thickness of 150 nm the occurrence of several Fabry-Pérot oscil-
lations keeps the value of the average reflectance value more stable. Even though
the magnitude of the effect is larger for p-type Cug4CrOs, the FoM calculated
with just the average transmission ranges from a value of 75 uS and 200 uS be-
tween the thickness range of 50-250 nm. This is a smaller change than the ZnO
films due to the fact that the value of the FoM for Cug4CrO, is dominated by

the low sheet resistance, within the k€)/0J range.

These simulations illustrate that caution should be used when rating the merit
of a particular TCO against the FoM’s of other TCOs from the literature if

reflectance measurements have not been performed.

2.3 Applications

Normally, the specific requirements of a material for an application extend be-
yond the absorbance to conductivity ratio. ITO was the industry standard TCM
until the rising cost of indium warranted a replacement. Despite many viable al-
ternative n-type oxides researched e.g., zinc oxide doped with aluminium (AZO)
and tin oxide doped with fluorine (FTO) [33] none have replaced ITO entirely.
ITO has a set of characteristics that extend beyond high FoM and mobility such
as the ability to be precisely etched into patterns and resistance to degradation

via moisture or air [34].

Recent trends have pushed for lower sheet resistance, increased mechanical
flexibility and reduced cost. Areas where ITO is not the optimum material, lead-
ing to alternative TCMs becoming viable [21]. Typical devices requiring materials
that are transparent yet also electrical conductors include touch-screens, smart
windows, solar cells, and Organic Light Emitting Diodes (OLEDs). Each appli-

cation has a set of requirements that has to be met [35].
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2.3.1 Thin Film Transparent Transistors

The FoM can indicate suitable candidates for Thin Film Transistors (TFTs) but
crucial parameters for TFTs are not considered by the FoM alone. Additional
requirements for TF'Ts are not extensive but quite restrictive. Carrier mobilities

well above 1 cm?V—!

s~! are essential to be competitive with hydrogenated amor-
phous silicon based electronics. Secondly, the carrier density should be highly

controllable between the values of 10'® cm™2 and 10 cm™3.

Individual n-channel transistors made of n-type TCOs are already commer-
cially available [36]. The initial vision was to have the capabilities to manufac-
ture fully transparent devices with conventional Complementary Metal-Oxide-
Semiconductor (CMOS) technology [37]. Hence considerable research focus is
dedicated to p-channel TCOs for Transparent Thin Film Transistors (TTFT).
Section 2.4 provides a review of the progress in this area. Despite the not yet
commercially realised TTFTs, p-type TCOs have found a multitude of uses within

other laboratory devices; a few of which will be outlined below.

2.3.2 Solar Cells

Transparent conductors have a multitude of applications within the industry
of solar energy generation. The largest of these applications is to serve as low
emittance windows. For solar cells, it is paramount that the selected TCM has
a low contact resistance to both the electrodes and active layers. It must be
possible to manufacture the material uniformly over large areas. Chemical and
environmental stability of the TCM may be a factor to extend the operational
lifetime of the solar cell [38]. Within this area, a specific application for p-type
transparent conductors is as an Anode Buffer Layer (ABL) in thin film solar
cells/OLEDs. ABL maximises hole extraction/injection by having a valence band

structure well aligned with a high work function contact and active layer(s) [39].
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Figure 2.6: (a) Geometry for the component layers in a thin film solar cell (b)
Energy band diagram; ABL = Anode Buffer Layer and CBL = Cathode Buffer
Layer. The red arrow indicates the extraction of holes from the cell while blue
arrows indicate the extraction of holes.

Simultaneously, it should create a barrier for electrons from the active layer to
reduce device shunting. This is realised by the creation of a large conduction band
offset. The requirements vary for each device. If we take the specific example of
bilayer hetero-junction solar cells; the front contact is the anode. As the anode
electrode (which is typically composed of ITO/FTO) is the front contact the ABL
needs to also have high transparency to maximise light reaching the active layer.
To date the most commonly used ABL in these types of solar cells are polymers

like PEDOT:PSS, or metal oxides MoOs, V5,05, WO3, Cr03, and NiO [40, 41].

The development of new materials for each of the above applications is cru-
cial. Subsequent to the development of the material is optimising the alignment
of the constituent materials of a device. Most devices are composed of numerous
interfaces: each interface can be optimised by changing the deposition conditions
or carrier concentration to maximise the performance of the device, e.g., the effi-
ciency of a solar cell. No general theoretical model exists to accurately predict the
energy band alignment of two surfaces such as Anderson’s rule [42]. Experimen-

tal methods developed have been much more reliable at aligning the interface
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of two oxide layers in a device [43]. Section 3.2 will outline the experimental
method of such measurements. The following sections will first outline which

p-type materials are of relevance to industry presently.

2.4 p-type Transparent Conducting Oxides

Due to the widespread use of n-type TCOs in optoelectronic devices and other
niche applications an analogous p-type TCO was sought. Ninety years since the
first report of a TCO, thin films of nickel oxide were reported as the first p-type
TCO with low transparency of less than 50 % in the visible spectral range [44,
45]. Since then a range of TCOs have been developed with varying FoMs (see
figure 2.7). Unfortunately, p-type conductors have suffered from low transparency

and low carrier mobility.

2.4.1 Mobility in Metal Oxides
O = NeGeple + Nndniin (2.11)

The total electrical conductivity is the sum of the conductivities of the valence
and conduction band carriers, which are holes and electrons, respectively. It can
be expressed as where n., ¢., and p. are the electron’s concentration, charge and
mobility, and ny, qn, and u; are the hole’s concentration, charge and mobility,
respectively. The FoM of a TCO can be linked to the conductivity via the sheet
resistance R;.

1

R, = (2.12)
L * (neQe/JJe + nthMh)

where t is the thickness of the material being analused. However, the mobility
and carrier concentration of a TCO can vary between two differing materials and
not be reflected in the FoM. It is important to characterise the sheet resistance

(Rs), concentration (n) and mobility (u) of the majority carriers of a TCO to
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understand what applications a TCO is applicable for. The FoM for a TCO does
not solely contain all this information. This characterisation of these three quan-
tities will be done in this work for both Cry_,Mg,O3 and CuCrO,by measuring
the valence band structure. How the mobility and carrier concentration can be
linked to the band structure will be discussed below:

The mobility is a quantity that directly relates the drift velocity v4 of holes
to the applied electric field E across the material, i.e. v; = puE. The hole density
(holes/volume) in the valence band is obtained by integrating g(E) f(E)dE (den-
sity of states x probability of occupancy of states) from the bottom to top of the

valence band.

Eup
oy = / 9(E)f(E)dE (2.13)
where
9(E) = ;Z;h (Ey — E)? (2.14)
and
N E — E;
f(E) ~ exp (— T ) (2.15)

if we assume that £/ — Ef > k7. The number of mobile charge carriers can be

obtained by performing the integration of Equation 2.13 resulting in the equation

E:—FE,
np = Nvexp <—%) (216)
where \
mikyT \ 2
N,=2[—2 2.1
=2 (i) (217)

N, is the effective density of states for the edge of the valence band. The effec-
tive mass, m;, is directly related the dispersion within the valence band. Low
dispersion of the valence band will give a high effective mass resulting in the low
mobility of the charge carriers. Metal oxides have a valence band that is largely

composed of localised 2p oxygen orbitals. This will lead to a low mobility if the
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majority carriers are holes, like p-type metal oxides.

Cup0 was reported as the first high mobility p-type oxide (100 cmV~1s™!)
with a band gap of 2.1 eV but readily oxidises in air to CuO which has both low
mobility and transmission. If the transparency and stability could be improved
Cuy0O would be one of the optimum candidate materials for devices.

The strategic development of an improved p-type TCO was sought by chem-
ical modulation of the valence band. The delafossite CuAlO, was designed to
create delocalisation of the valence band. Delafossites have the formula ABO,
where the A cation site (usually copper for p-type TCOs) is linearly coordinated
to oxygen octahedra within which the B cation sits. This linear coordination
of copper and oxygen leads to increased hybdrization of the O 2p and Cu 3d
electrons lowering the oxygen character of the valence band, creating a more dis-
persed valence band. CuAlO, showed low p-type conductivity of 1 Sem™! at room
temperature but reasonable transparency [46]. This finding led to the outline of
a design rule for p-type TCOs requiring the presence of Cu™ and motivated the
study of a range of Cu-based materials such as CuBOy where B = boron [47], scan-
dium [48], chromium [25], gallium [49], yttrium [50], indium [51], lanthanum [52].

Delafossites made significant improvements for p-type transparent conductors but
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Figure 2.8: Carrier mobility, u
versus carrier density, n., for a

set of transparent conducting ox-
10°  10* Qcm™ Conductivity

ides.  An inset with a trans- e

parency scale is included. The :

average transparency each mate- 10F Agoro,mg GO o ]
rial is quantified in the colour of g | CuAD, ]
the data point. The transparency § 0F g giosno w3
of the transparent conducting ox- 2 .

ides is included as it is important 3 1F § | 3
to reflect the trade off that oc- ?3 : é 70 Srcl:oz:K

curs for improved mobility over re-  § o.1 2 B 3
duced transmission. The mobili- = 30 Lacr0,5® c.uCr02§ g
ties of Cry_,Mg,.O3, LaCrO3 and 001 | 0,0
Cu,CrO, are estimated using a E o, , ® 7
small polaron model with the See- T e e
beck effect [25, 26, 30-32, 53, 56, Charge Carrier Density, n, (cm~)

57].  The indicates

the optimum region for transpar-
ent thin film applications.

compared to their n-type counterparts had orders of magnitude lower conductiv-
ities and reduced transparency. Furthermore, the ionization levels of thermally
activated copper vacancy acceptor states would make degenerate conductivity im-
possible [53]. CuCrOy:Mg showed much lower thermally activated carriers com-
pared with other delafossites but had a much lower charge carrier mobility [25,
54, 55]. In fact, it is often reported as the highest performance p-type TCO due
to a large FoM even though the Hall mobility could only be measured by the AC
Hall effect. These findings suggest that CuCrO, has an improve conductivity in
a doped and undoped state due to the presence of the Cr 3d states within the
valence band but also resulted in a lower mobility of the charge carriers compared

with other cuprous delafossites.

Following this CryOj3 itself was reported as a p-type transparent conductor
when doped with magnesium. Cry_,Mg, O3 was thought to be nitrogen doped
when the addition of an ammonium precursor improved the optical transparency
of the Cry_,Mg,O3. Near edge absorption spectroscopy showed that the nitrogen

wasn’t incorporated into the CryOg3 lattice in large quantities. The ammonium
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precursor may be specific to spray pyrolysis to aid a reaction mechanism that
reduces the present of parasitic defects, increasing optical transparency. Nitrogen
detection by spectroscopy in small quantities is difficult due to it’s low atomic

3 could be present in all deposition techniques

mass; a quantity below 10 cm™
when growing Cry_,Mg,Oj3 films due to a nitrogen rich atmosphere [58]. The
mobility of the charge carriers being below the measurable limit for the AC and
DC Hall effect in Cry_,Mg,O3 was attributed to the poor crystallinity grown
via spray pyrolysis. Later studies showed that the hole mobility of epitaxial
Cry_;Mg,O3 was not measurable: a lower limit for the hole mobility of 1074
em?V~1s7! was estimated by the Seebeck effect assuming a small polaron hopping
conducting mechanism [32].

Chromium oxide fits a lot of the industrial criteria: processable by magnetron
sputtering, composed of earth abundant non-toxic elements and of high chemical
stability. Bipolar doping (both p and n-type dopable) of the chromium oxide
lattice is also possible [59], which is key to conventional semiconducting pro-
cesses [60]. Bipolar doping of an oxide is a rare property only found in two other
transparent oxides: zinc oxide and tin oxide [61, 62]

The leading oxide for p-channel TTFTs is tin oxide (SnO). As seen in fig-
ure 2.8 SnO has the optimum carrier concentration and mobility (shaded region
for TTFTs. Large drawbacks for tin oxide is high leakage current in prototype

TFTs and these devices are highly unstable at atmosphere [29].

2.4.2 Deposition Temperature

With an increasing range of p-type materials available the deposition tempera-
ture has emerged as an important criteria. Excessive temperatures can hamper
incorporation into devices. The initial p-type oxide materials: NiO, delafossites
and CuyO all require high deposition temperatures to be highly conductive [25].

p-type SnO was the first highly conductive transparent material with a re-

ported deposition temperature less than 400 K [63], but the n-type amorphous

23



Chapter 2 E. Norton

InGaZnO, (IGZO) demonstrates high mobilities of greater than 10 cm?*V—1s™!
with a high visible transparency, when deposited at room temperature. Previous
amorphous semiconductors, such as hydrogenated amorphous silicon, have lim-
ited carrier mobility due to the highly directional nature of p-orbitals. a-IGZO
has a conduction band composed of s-orbitals, which results in a conduction
pathway insensitive to a lack of crystalline order [64]. Based on these promis-
ing findings an analogous amorphous p-type was designed ZnRh,O, [65]. Even
though it achieves room temperature conductivity, it was a poorly conducting
material with an immeasurable Hall mobility. Lowering the deposition temper-
ature while retaining high conductivity is a crucial barrier to p-type materials

being incorporated into devices.

2.4.3 Alternatives to p-type Oxides

A high mobility transparent p-type oxide, deposited at low temperature, may
never become reality. As a result of poorly performing p-type oxides the concept
of chemical valence band modification has been extended to the replacement of
oxygen for other chalcogenide atoms. LaCuOS was one of the first materials
discovered to be p-type possessing a large optical band gap of 3.1 eV. Unfor-
tunately, conductivity when acceptor doped with Sr was low (0.26 Sem™!) [66].
Replacement of sulphur for selenium (LaCuOSe) increased the conductivity of
the lattice, especially when doped with Mg producing a degenerate p-type mate-
rial with conductivity 10> Sem™! [67]. Increased conductivity in LaCuOSe arose
from increased hybridization of Cu 3d orbital with Se 4p compared with S 3p
but at the expense of transparency [68]. The most promising material has been

1 mobility of

BaCuTeF thin films exhibiting maximum conductivity of 167 Scm™
8 cm?V~!s™! and band gap of 3 eV [69].
The movement away from chalcogenides (Group 6 elements) towards pnicto-

gens (Group 5 elements) has also been explored. CusN is a metastable compound

that that has direct band gap of 1.0 eV and conductivities of 10> Sem~!. It has
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been identified as having shallow n-type and p-type defects, ideal for fabrication
of p-n junctions. CugN possessing such a low band gap would not regard it as
a transparent semiconductor, but likely a competitor for silicon and germanium
in solar cells. MCuP (M = Ca, Sr, Ba) compounds have been calculated to have
disperse valence band maximums. The only experimental synthesis as of yet is
the bulk powder of CaCuP showing a conductivity value of 10> Sem™! and the
onset of optical absorption at 2.7 eV. No mobility measurements could be made
from the bulk pressed pellet [70].

The most promising TCM to date has been Copper Iodide (Cul). A degenerate
p-type conduction of Cul thin film is achieved at the iodine-rich growth condi-
tion, allowing for a record high room-temperature conductivity of 156 Sem~! for
as-deposited Cul and ~ 283 Sem ™ for I-doped Cul. At the same time, the films ap-
pear clear and exhibit a high transmission of 60-85% in the visible spectral range.
The realization of such simultaneously high conductivity and transparency boosts
the figure of merit of a p-type TC: its value jumps from 200 to 17,00 pS [71].

The exploration of replacing oxygen with other elements has produced progress
towards a higher mobility transparent conductor. Yet, the initial field of p-type
TCOs was spurred by the success of ITO. ITO is easily processable via DC mag-
netron sputtering with low/medium deposition temperature,contains non-toxic
elements and most importantly is stable in air [34]. Ternary/quaternary com-
pounds would complicate large area deposition. Sulphur, selenium, tellurium,
fluorine and phosphorus all require toxic gases or compounds to process. Re-
placement of the anion with anything other than oxygen often makes the TCM
highly unstable in air. For example, the excellent electrical and optical proper-
ties of Cul degrade significantly after several hours in ambient conductions [71].
Hence, this thesis explores the limits and physical origin of the mobility limita-
tion of two promising p-type oxides: a low temperature highly conductive mate-
rial (Cu,CrO,) and a highly transparent low conductivity material that can be

bipolar doped (Cry_,Mg,O3).
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Chapter 3

Methodology

A material’s intrinsic physical and electronic properties will govern it’s appli-
cability to a specific device. Hence, one focus of this thesis is to understand
the electronic properties of two p-type Transparent Conducting Oxides (TCOs)
using Resonant Photoemission Spectroscopy (RPES) and X-ray Photoemission
Spectroscopy (XPS). The methodology of these spectroscopic techniques will be
described in the following chapter. After, a suitable application has been iden-
tified often the device interface properties are not considered: a spectroscopic
method will be utilised in this work to investigate the band alignment of p-type
TCOs with other materials. The p-type materials grown for this thesis were all
chromium based oxides grown with varying structures: nanocrystalline, polycrys-
talline and epitaxial. The deposition techniques for the growth of the TCO films
will also be outlined. This will be followed by the various material characterisa-

tion techniques used in this work.

3.1 Photoelectron Spectroscopy

In 1916, Einstein was awarded the Nobel Prize in physics for the photoelectric
effect. The photoelectric effect describes the emission of electrons or other free
charge carriers when light is shone on a material. Electrons emitted in this manner

are called photoelectrons.
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Classical electromagnetic theory would expect that any alteration in the inten-
sity of light would induce changes in the kinetic energy of the electrons emitted
from the metal. While below a threshold intensity light source would show a
time lag between the initial shining of its light and the subsequent emission of
an electron. However, the experimental results did not produce either of the two

predictions made by classical theory.

The only parameter that affected the emittance of electrons was the incident
photons being above a threshold frequency. Below that threshold, no electrons
are emitted from the material irrespective of the light intensity or the length of
time of exposure to the light. To rationalise the fact that light can eject electrons
even if the intensity of light is low, Einstein proposed that light is not a wave,
but a collection of discrete wave packets (photons) each with a quantised energy.
This linked with Max Planck’s previous discovery of the relation (E = hf) linking
energy (E) and frequency (f) based on the quantization of energy. The factor h

is named the Planck constant.

This led Siegbhan to develop a new experimental technique based on pho-
toemission of electrons to study the electronic structure of materials [1]. When
a light beam is directed to the sample surface the energy of the photon is ad-
sorbed by an electron within an atom, causing the subsequent emission of that
electron. The emitted electron is referred to as a photoelectron. To emit core
electrons you need to have a threshold photon energy which will lie in the x-ray
regime. This technique is named X-ray Photoelectron Spectroscopy (XPS). If the
photon energy is in the ultraviolet spectral range, the technique is called Ultra-
violet Photoelectron Spectroscopy (UPS). However, UPS is limited to studying
valence band electrons but with much higher energy resolution. The photoelec-
tron ejected has a kinetic energy (Fkg) that is related to it’s binding energy (Fgg)

by the following formula:

EBE = hv — EKE (31)
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where the binding energy is the energy required to liberate an electron from an
atom, molecule or material. These two quantities, the incident photon energy
and kinetic energy of the emitted electron should be all that is needed to find the
binding energy. However, the sample is contacted to the spectrometer. As the
fermi level of the sample aligns with the spectrometer the above equation should

now be modified to:

EBE =hv — EKE - ¢spec (32)

where ¢gpec is the work function of the detector. Without this assumption it
would be necessary to have knowledge of the work function of any sample being
analysed by photoelectron spectroscopy. However in any photoemission experi-
ment, the basic excitation process involves the absorption of a photon of energy.
The absorption of a photon (hv) interacts with an N-electron system which has
an initial wavefunction W;4(N) with a total energy of the system given by Eis(N)
and produces a final state wavefunction described by W s4(N-1). The conservation

of energy stipulates that:

E(N) + hv = Eg(N = 1,k) + Ein (3.3)

k denotes the initial energy level of the photoelectron. Koopman’s theorem
(Equation 3.4) assumes the simplest case, that the binding energy (Epg) of the
electron will be the negative value of the energy of the respective electron’s one

electron orbital energy [2]:

B (k) = BEy(N — 1, k) — Ey(N) = —¢ (3.4)

where —¢;, is equal to the negative of the orbital energy of the electron lib-
erated by the photoemission process. This is assumed, in Koopman’s theorem,
to be equal to the binding energy of the electron. In practice to calculate the

binding energy of a emission line in a spectra: a sum rule can be derived which
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averages the binding energy of all peaks associated with primary excitation of
one core level, multiplied by their intensities [;. This includes satellite features
such as shake up peaks [3]. The shake up peak appears at energies characteristic
of the excited states for an element with respect to the state measured by the
zero loss intensity. Some of the photon energy is used to excite the ion out of
the zero loss state whilst at the same instant ejecting the photoelectron with the
remaining photon energy. Similarly, shake-off events, where more than one elec-
tron is ejected at the time of photo-ionization, may result in broad structures to

high binding energies in a spectrum [4].

If Koopman’s were to hold true the binding energy, €, would be equal to the

centroid of the spectral peak region:

_ Sl Epy (k)

3.5
WA (3.5)

This assumes the one electron orbital is unaffected by the photoabsorption
process. In reality, this does not describe the situation. Orbital relaxation and

electron-electron correlation are added as correction terms:

E]%E(k) = —€ + AE1felaLx + AEcorrelation (36)

due to the fact that Koopman’s theorem assumes that the photoabsoprtion pro-
cess is instantaneous and no changes in core levels can occur on this time scale.
This assumption is often not correct and is accounted for in the orbital relaxation
(A€relax) term. The Aécorrelation term deals with the collective electron-electron
interactions in the material which is also neglected in Koopman’s theorem. It
is very important in Mott-Hubbard insulators of which CryOg3 is one. A Mott
Hubbard insulator is a class of material that should conduct electricity under
conventional band theories bu alas is an insulator due to electron-electron intera-
tions [5]. Inclusion of the relaxation correction term into the calculations lowers

the core-level binding energy and gives better agreement with experimental data.
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However, even the relaxation and correlation corrections to the Koopman approx-
imation only treats the final state of the atom, which is not necessarily true. The
initial states are treated by the sudden approximation assuming that the pho-
toabsorption process is rapid. Therefore the other (N-1) electrons emerge from
the photoabsorption process with the same final and initial states [3].

In theory a photoemission spectra consists of sharp peaks which experience
broadening due to their finite lifetime. Heisenberg’s uncertainty principle dictates
a certain amount of minimum broadening. This finite lifetime of the core excited
system is given by a Lorentzian distribution [6]: the core hole lifetime as well
as the instrumental resolution will further broaden spectra. The instrumental
broadening is typically described by a Gaussian distribution. The measured peak

width (E2) will be convolution of all of these broadening effects:

E? =E+E2+ E? (3.7)

where E? is the width of the photon line, E? is the natural line energy distribution

of electrons at that energy level and E? is the energy resolution of the analyser [4].

3.1.1 Scientia Omicron Photoelectron Spectrometer

Laboratory XPS measurements were carried out on a Scienta Omicron Multiprobe
XP system (see figure 3.1) with a concentric hemispherical (EA125) analyser. The
x-ray source is composed of a thoriated tungsten filament which emits electrons,
accelerated by a high voltage typically 10 - 15 kV, which are directed at an
anode. The anode, in our case, is composed of aluminium. By bombarding
the anode with high kinetic energy electrons emitted from the tungsten filament,
producing x-rays lines. The x-rays are monochromated by a quartz crystal x-
ray mirror that, by using Braggs’ law, selects the Ka line at 1486.67 eV. The
x-ray mirror also absorbs unwanted radiation. The XPS system is equipped with
three chambers: load lock, analysis and preparation. The load-lock allows quick

entry of samples into the system. The preparation chamber is equipped with a
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Cross section of Hemispherical Analyser

Electron

Sample

Figure 3.1: Schematic of the Scientia Omicron Multiprobe XP: Analysis cham-
ber has an Ultra-Violet lamp (HIS 12 VUV source) mounted but not pictured.
Bottom right inset illustrates how the sample is orientated within the analysis
chamber. Top left inset shows a cross section of the electron’s path through the
hemispherical analyser

4-grid SPECTA Low Energy Electron Diffractometer (LEED) with a thoriated
tungsten filament and ISE 5 sputtering source, fitting with an argon gas line, for
sample preparation. A Mini Electron Cyclotron Resonance (ECR) Plasma Source
is fitted to the preparation chamber which can be used for reactive sputtering,
oxide growth and oxygen cleaning. A strain relieved window is fitted onto the

XPS preparation chamber that allows in-situ optical measurements to be made.

Ultraviolet Photoelectron Spectroscopy

Ultraviolet Photoelectron Spectroscopy (UPS) was originally designed to analyse
the photoelectron spectra of free molecules in a gaseous phase. It is composed
of a photon source from a discharge lamp, most commonly helium filled, which
illuminates the sample [He I hv = 21.2 ¢V, and He II hv = 40.8 e¢V]. UPS is
limited to the valence band spectral region due to it’s low energy photon source

but achieves much higher resolution that XPS cannot match. The improved
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resolution of UPS is due to the very narrow line width of the Helium I (=~ 0.006)
and larger photon flux, which allows operation of the analyser at lower pass

energies. The analysis chamber is fitted with an HIS 13 VUV source.

Due to the improved resolution of UPS the secondary cut off is sharper than
with XPS meaning it can be determined with a smaller error. As a result work
function measurements are most commonly made by UPS instead of XPS. The
analysis chamber is fitted with a mu-metal lining which screens stray magnetic
fields that induce changes in the kinetic energy of the low energy photoelectrons

produced in UPS.

Photoelectron Analyser

The photoelectron analyser is composed of two concentric hemispheres with a
path that can be traced between the two hemispheres of radius Ry. The outer
hemisphere has a negative potential and conversely the inner side is positive.
An average potential, V, exists between the outer and inner hemisphere. The
placement of the entrance and exit analyser slits is along Ry. An electron trav-
elling inside the analyser is subject to a centripetal electrostatic force, F,. and a

centrifugal, F force equal to:

eV

F. = .
Ty (35)
Rinner Router 0
Ekinetic
F. = 3.9

The average potential difference between the two analysers is V' and Ry is the
path of the electron through the analyser. The two forces, Equations 3.9 & 3.8

can be equated:

eAV
Router N Rinner
Rinner Router
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The photoelectrons pass through a double lens system which focuses the electrons
before they are decelerated with a defined voltage, determined by the specified
pass energy. The acceptance angle, magnification and analysis area is selected by
this first lens (an Einzel lens). As no change the electron energy occurs it can
apply a constant magnification throughout the kinetic energy regime. The second
lens changes the electrons energy to match the pass energy of the analyser. At
the second lens stage the photo-electrons encounter an aperture, which focuses
them onto the entrance slit and into the analyser [7].

The electron analyser was used in Constant Analyser Energy (CAE) mode:
the analyser pass energy is held constant while the retarding voltage is changed
thus scanning the range of kinetic energy specified. In this mode the resolution
remains constant through the kinetic energy regime. However, the sample area
and emission angle may vary across the kinetic energy range.

The energy resolution of the instrument (0.58 eV) is significantly larger than
the natural line width of the Ag 3d5,» peak from pure silver (0.33 eV) [8]. There-
fore, the analyser resolution is calculated by measuring a silver (110) crystal using
the Ag 3ds/, peak. The silver crystal was cleaned by sputtering with argon ions
and annealed at 737 K. The absolute energy scale of the XPS was also calibrated
by ensuring the binding energy of 0 eV coincided with the Fermi edge of the silver

crystal.

3.1.2 Spectral Acquisition

Laboratory XP spectra were acquired with the Omicron software EIS spectra.
High resolution XP spectra were taken a pass energy of 20 eV, a slit width of
6 mm which is the effective slit width of both the entrance and exit slits in the
dispersive direction. The step size of each scan was (0.05 eV). The dwell time
varied depending on the integration time needed to obtain an adequate signal to
noise ratio for a specific core level.

For UP spectra the pass energy was reduced further to 5 eV, slit width of 1 mm
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Figure 3.2: Experimental values for the minimum distance an electron can
travel before undergoing an inelastic collision. This value varies as function of
the electron’s kinetic energy [9]

and step size 0.01 eV. All spectra were analysed with the Casa XPS program.

3.1.3 Quantification of Atomic Concentrations

Semi-quantitative analysis of the relative concentration of different elements in
a material can be achieved by comparing the intensity of the relevant core level
peaks. In this thesis, XPS was used to measure the doping concentration of
Cu,CrOs and Cry_,Mg,O3 films.

There are a number of factors that must be taken into account in order to
accurately reflect the chemical composition using XPS peak intensities. In order
to quantify the stoichiometry it must be assumed that the surface of a sample
is homogeneous, as if the composition perpendicular to the surface within the
sampling depth of the XPS is non uniform the elemental ratio cannot be defined.
This is unlikely to be the case for MBE films grown at deposition temperatures
of greater than 600 K. However, there may be a larger error expected with spray
pyrolysis samples or deposition at room temperature.

The relative binding energies of any core level peaks being compared have
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to be taken into account. The electron inelastic mean free path (see figure 3.2)
strongly depends on the kinetic energy. To minimise error, the core level peaks
being compared should be as close as possible in binding energy. For example
when quantifying the doping of Cry_,Mg,O3 the most intense peaks are the Mg
1s and Cr 2p core levels. However, the doping ratio was measured using the Mg
2s and Cr 3s as these peaks were separated by only 10 eV [9].

Other factors that have to be considered are the photo-ionisation cross-section
of that core level and finally the transmission function of the analyser which
determines the sensitivity of the analyser to electrons of that kinetic energy. These
criteria form the basis for the Relative Sensitivity Factor (RSF) that is unique for
a specific elemental core level. Using the RSF and peak area one can determine

the chemical composition of a sample [Matthew2004].

3.2 Energy Band Alignment

A common means to describe and understand the functionality of electronic de-
vices is the energy band diagram, in which the valence and conduction band
energies are drawn as a function of position. Within this thesis photoelectron
spectroscopy was used to study the formation of the interface that Cro_,Mg, O3
films made with other n-type TCOs, thereby mapping the energy band diagram
of Cry_,Mg,O3 in contact with oxides. Such an experimental technique to study
the energy band alignment of an interface is necessary instead of the alignment
predicted using Anderson’s rule [10] as it fails to predict the real alignment at the
interface of two oxides. Anderson’s rule is also referred to as the electron affinity
rule, and is closely related to the Schottky-Mott rule for metal-semiconductor
junctions [11]. Anderson’s rule states that when constructing an energy band
diagram, the vacuum levels of the two semiconductors on either side of the het-
erojunction should be aligned. The difference in two vacuum levels gives the
predicted built in potential at the interface. This rule can work well for or-

ganic/inorganic interfaces but fails to predict actual band offsets in semiconduc-
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tor heterojunctions [12]. Anderson’s rule ignores chemical bonding that occurs
with small or no vacuum separation. Interfaces states may have a large electrical
polarisation or defect states/dislocations may occur at the interface. Additional
complexities such as interfaces of two polycrystalline materials or different crystal
structures and/or lattice constants will complicate the situation further. To date,
no general model is developed to align two oxide surfaces [13].

Ultra-violet Photoelectron Spectroscopy (UPS) can provide detailed informa-
tion on the valence band of a surface. Valence electrons play a role in chemical
bonding and are detected when photo-emitted with a binding energy of greater
than 20 eV. Figure 3.3 outlines the information that can be gathered from one va-
lence band spectrum: the bulk energy band diagram of a material can be deduced
from a UP spectrum combined with a direct measurement or literature value for
the fundamental band gap. The quantity that is most useful is, £y - Eygu, the
distance between the Fermi level and the valence band: a common Fermi level
exists for two materials in contact and gives us a common point in the energy

scale to relate energetic changes in the n and p type films of a junction.

EV‘ELC
WE Evem- Ef

Evpum - Eyf
WF Binding Enetgy (FV) ]
Min. KE

Figure 3.3: Electronic band structure and UPS spectrum. WF, E;, E\.c, Ecpu,
FEyewm, and Ey denote work function, band gap, vacuum level, conduction band
minimum, valence band maximum, and Fermi level respectively

Photoemission experiments are a surface sensitive technique for solids. Only

elastically scattered electrons from the sample carry direct information about the
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Figure 3.4: Schematic outlining the basic band alignment concept, Ecp =
conduction band minimum, Fyp = Valence band maximum, F, = Fundamental
Band Gap, E; = Fermi Energy, E, = Core level binding energy, E5 = Core level
binding energy referenced from the Fermi level F, = Core level binding energy
at the interface, qV,, = Built in potential at the interface (a) outlines the band
structure of a n-type conductor (left) (b) Post contact the creation of a common
fermi level by the transfer of charge creates a change in the position of the valence
and conduction bands across the interface.

electronic structure. The average distance of an electron to undergo no inelastic
scattering is given by the mean free path [9]. As seen in figure 3.2 the inelastic
mean free path varies with elemental composition and the kinetic energy of the
electron leaving the sample.

Therefore it is possible to design an experiment to probe just the interface
properties. The interface is formed by depositing one material upon another. Pre-
cise control over the film thickness is need to probe the energy band alignment of
an interface in this manner. As the interface is grown information about the rela-
tive positions of the valence band of the substrate and the deposited film can be
directly obtained from the superposition of the valence bands [14]. This has been
previously done for group III-V semiconductor interfaces extensively [15]. This
method can be improved upon by taking core-level and valence-band photoelec-
tron spectroscopy for the surfaces of interest. Core levels electrons are contained
within atomic orbitals that do not participate in bonding. Any built in potential,
Vbuilt-in, created due to the interface of pn junction should affect the kinetic energy

of the core electrons emitted. The changes in kinetic energy of the core level elec-
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trons can then give you the magnitude of the energetic change in position of the
conduction and valence bands at the interface. The binding energy of a core level
in a film and valence band maximum share a common reference point, the Fermi
energy. The binding energy of the core levels can be related to changes in the
valence band maximum by measuring the core level and valence band maximum
offset for the bulk film (Ey — Evgm) [14, 16].

Figure 3.4 illustrates the evolution of the valence band energetic position, E,,,
across the interface. It highlights how changes in the binding energy of a core level,
E, can be related to changes in Eygy. Since the valence band and conduction
band are related by the band gap (E,), once Eyvpy is mapped likewise Ecpy can
be mapped. This assumes the band gap isn’t altered at low thicknesses. Along
with the work function measurements from UPS, the entire energy band diagram

can be mapped.

3.3 X-ray Absorption Spectroscopy

XPS involves analysing the emission of electrons after x-ray excitation. However,
another powerful spectroscopic tool is to measure the absorption of x-rays. X-
ray Absorption Spectroscopy (XAS) is a a widely used technique for determining
local coordination, geometry and electronic structure of materials. XAS is carried
out experimentally by selecting photon energies near at and above the threshold
of promoting a core electron. The absorption threshold is determined by the

transition probability given by Fermi’s Golden Rule [17]:

o< | (final] H' |initial) [2® oc [M|*® (3.11)

where M is the matrix element of the perturbation between the final and initial
state, and @ is the unoccupied density of states (DOS). The matrix element is non
zero if the orbital quantum number differs by 1 from the initial state (|initial)) and

the spin is conserved. The absorption edge is named based on the core electron
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Figure 3.5: Total electron yield x-ray absorption spectroscopic detection method

being promoted. The principle quantum numbers n=1, 2 and 3 are called the K,

L and M edges. The excitation from a 2s or 2p orbital will be an L edge [18].

3.3.1 Total Electron Yield

Instead of directly measuring the absorbed x-rays, the electrons (photo, secondary
and Auger electrons), created by the absorbed x-rays through excitations of core
electrons to unoccupied states above the Fermi level, are detected. The decay
of electrons from these unstable states results in the emission of a photon of
energy equivalent to the energy difference between the core level and excited
state. The Total Electron Yield (TEY) cascade involves several scattering events
and originates from an average depth, the electron sampling depth, { [18]. The
XAS intensity for TEY is:

I = Iopl (3.12)

I./1y is the net current flowing into the sample required to neutralize the
charge resulting from the emission of electrons: constituting the TEY measure-
ment. The electron sample depth is governed by the mean free path of electrons,

figure 3.2, which makes the TEY measurements surface sensitive.
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XAS measures the unoccupied density of states and is both element and site
specific. XAS measurements can distinguish between the different binding ener-
gies of specific elements, as well as different bonding sites for the same element.
Within this work, XAS will be used to analyse whether magnesium doping of
Cry03 affects the local coordination and bonding of the CryOg3 lattice. It will be
used in a similar manner to probe copper deficient Cu,CrO, films, by varying the
copper concentration within the films it is hoped the changes in the electronic

structure can be observed in the Cu and Cr L edges.

3.4 Resonant Photoemission Spectroscopy

The conductivity of a p-type TCO is governed by the valence band electronic
structure. The valence electrons occupy states within the band structure which
can be probed by taking valence band spectra using photoemission or optical
spectroscopy. The absorption of a photon by a valence electron in a material
and the subsequent emission of that electron is called the direct photoemission
process and probes the occupied states within a valence band (see figure 3.6 (b)).
However, for p-type TCO materials the interest is in studying the unoccupied
states within the valence band and also the element within the valence band that

these unoccupied states are associated with.

An experimental method of identifying the elemental character of certain
features in the valence band spectra is to employ Resonant Photoemission Spec-
troscopy (RPES). Photoemission resonance, like XAS, starts with the promotion
of an electron from a core level (of energy E.) to an unoccupied state (of energy
E,). The creation of a core hole (of energy E.) by the absorption process results
in the emission of an Auger electron from the valence band. This two step process

is outlined below [17]:

Eq 2% B, — B, 25 Exg — Evg (3.13)
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Figure 3.6: (a) Core level photoemission, (b) Valence band photoemission, (c)
Auger Emission, (d) Resonant photoemission where the excited core electron
participates in the decay. This yields a final state that is identical to the final
state in a normal valence band photoemission experiment ,(e) Spectator decay is
shown where the originally excited electron spectates the Auger decay of another

electron from the occupied levels, (f) Core level excitation process to the empty
Density Of States (DOS). 48
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where AE denotes the emission of an Auger Electron. As the initial absorption
process requires some unoccupied states within the valence band, RPES can di-
rectly probe the position of holes in our p-type oxide films. The initial absorption
process is also governed by selection rules allowing us to gather information on
not just the position of holes within the valence band, but also which elemental

state, e.g., Cr 3d or Cu 3d the charge carriers are associated with.

Practically, RPES is carried out by varying the incident photon energy across
a particular absorption edge. As the RPES process leads to the same final state
as the direct photoemission of valence electrons it increases the intensity of a
spectral feature within the valence band (see figure 3.6) [17]. Observation of
photoemission resonances imply the presence of localized holes, hence it will be
used in this thesis to study the electronic structure of Cry_,Mg,O3 and Cu,CrO,

p-type oxides [19].

3.5 Synchrotron Radiation

The techniques of XAS and RPES require access to a range of photon energies
which is beyond the fixed photon energy available in a laboratory XPS. To ac-
commodate these experiments, large cyclic particle accelerators have been built
to accelerate an electron around a fixed closed loop path called synchrotron.
Synchrotron radiation is emitted when charged particles (electrons) moving at
relativistic speeds change momentum. Electrons will radiate electromagnetic ra-
diation in a narrow beam in the direction that they were travelling. The elec-
tromagnetic radiation emitted will be a wide spectrum spanning the microwave
to hard x-ray regime. It has been employed by spectroscopists as a useful tool.
The first synchrotron source was opened in 1981 in England [20]. Third gener-
ation synchrotron sources are the most common currently available sources for

spectroscopic studies of which MAX II, contained within MAX-lab, is one [21].
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D1011 beamline

X-ray Absorption Spectroscopy (XAS), X-ray Photoemission Spectroscopy (XPS)
and Resonant Photoemission Spectroscopy (RPES) were carried out at the D1011
beamline, MAX II, MAX-lab, Sweden. Beamline D1011 is situated off a bend-
ing magnet covering the energy range 30 to 1500 eV. The monochromator is a
modified SX-700 monochromator (1220 1/mm gratings) with plane-elliptical focus-
ing mirror [22]. Two experimental stations are available off the beamline D1011,
both designed for spectroscopy. The front end-station contains a Scienta SES-200
hemispherical electron spectrometer and a Microchannel Plate Detector (MCP),
for total electron yield x-ray absorption measurements. There is no refocusing
optics after the exit slit of the beamline and the front chamber. This creates a
large illumination spot size of 2 mm in diameter. The exit slit governs the energy
resolution of the beamline. The back endstation allows magnetic measurements
like X-ray Magnetic Circular Dichroism (XMCD) and XAS. However, all XAS
measurements contained within this work were taken on the front endstation due
to the reference total yield mesh on the back station containing some chromium

metal, interfering with measurements on chromium oxides.

All photoemission spectra were normalised by the ring current. The valence
band spectra at photon energies of 40-100 eV were taken with a photon flux
between 10'1-10'2 ph/s incident on the sample. The binding energies in valence
band spectra were aligned to the Fermi edge taken of a piece of tantalum foil in

contact with the sample.

All absorption spectra were taken in Total Electron Yield (TEY) mode by
measuring the drain current as a function of incident photon energy. The beam
line transfer function was measured by a reference total electron yield measure-

ment on a clean gold mesh.
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Deposition Techniques

The deposition techniques which the materials studied within this work were

synthesised by will be outlined below.

3.6 Molecular Beam Epitaxy

Epitaxy refers to the growth of a crystalline overlayer upon a lattice matched
substrate. Molecular Beam Epitaxy (MBE) is a deposition method that pro-
duces highly crystalline thin films. The growth occurs by a process of two or
more thermal molecular beams directed towards a crystalline substrate under
High/Ultra-High Vacuum [23]. The molecules land on the crystalline substrate
surface, condense and build up systematically to create thin films of material.
The MBE system used to grow samples for this work is manufactured by
DCA Instruments (model M600), see figure 3.7 for a detailed schematic of the
chamber. The system consists of two chambers separated by a gate valve. The
smaller chamber operates at a typical pressure of 7x107° Pa is used for load-
ing the samples into the main chamber (9x10~7 Pa operating pressure). This
chamber contains a transfer arm with a specially designed transfer cup. The
samples are held by a custom design sample holder. The vacuum of the MBE
is maintained by oil-free turbomolecular and scroll pumps. The main chamber,
see figure 3.7, contains a four pocket e-beam evaporator and a separate single
pocket e-beam evaporator allowing for co-deposition. Each evaporation source
has a pneumatically controlled shutter to allow precise stopping and starting of
layer growth. There is also a pneumatically controlled main shutter to shield
the substrate from all evaporation sources simultaneously. An INFICON IC/5
deposition rate controller is used in conjunction with quartz crystal balances to
montior the growth rate for the e-beam evaporator. The temperature of the sam-
ple holder is controlled by a EUROTHERM 2408 controller used in conjunction

with a direct-current (DC) power supply and a C-type thermocouple (W/Rh).

o1



Chapter 3 E. Norton

Cryopanel
shutter yop
\ / Substrate (grey)
y Heater (red)

RHEED Screen| RHEED Gun

—]

I I Water Plate
04 supply /
. I .
Multi-pocket [ Single-pocket
e-beam source - -~ e-beam source
? @
Gate Valve

Turbomolecular Pump

Figure 3.7: Schematic of DCA Instruments Molecular Beam Epitaxy (MBE)
chamber, model number M600

The heater is a Pyrolytic Boron Nitride (PBN) and Pyrolytic Graphite (PG)
heater element (PBN/PG/PBN).

During growth of oxides it is necessary to introduce an oxygen partial pressure.
This is done by using a leak valve attached to the main chamber. To induce
greater reactivity during oxide growth an Oxford Scientific OSPrey Plasma Source
is used to generate atomic oxygen. This is called plasma assisted molecular beam

epitaxy.

Growth of Cr,03 and Cr,_,Mg,0O;

Cr,O3 pieces were e-beam evaporated at an oxygen partial pressure 6x10~3 Pa
with the substrate temperature maintained at 723 K. The growth rate was ap-
proximately 0.2 A /s. The doping was achieved by controlling the supplied power
to a second e-beam evaporator loaded with MgO. The materials used in this study
for the growth were CryO3 (99.9 % purity) and MgO pellets (99.95 %) supplied by

Kurt J. Lesker. The crystal monitors are calibrated by cross-checking the actual
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Figure 3.8: Conductivity vs magnesium concentration incoporated into the
Cry03 lattice. Square symbols (H) represent samples grown from chromium metal
source while triangles (A) indicate those grown from the ceramic chromium oxide
source. Circles (o) indicate chromium metal source samples post-annealed and in-
verted triangles (V) are post-annealed samples grown from the ceramic chromium
oxide source.

thickness of the deposited film by x-ray reflectivity (Section 3.10).

Cry_,Mg,0O5 films could be grown immediately as optimum doping of the
Cry03 lattice had already been developed for the MBE system [24]. Figure 3.8
shows the optimum conductivity of Cro_,Mg, O3 to be between 8-10 % magnesium
doping. All concentrations in figure 3.8 were measured via x-ray photoelectron

spectroscopy ex-situ.

3.7 Magnetron Sputtering

MBE produces thin films of high quality crystalline material with precise con-
trol over the thickness. These films are useful for fundamental studies of the
basic properties of p-type TCOs. Other more industrially relevant deposition
techniques have been explored also.

Magnetron sputtering has become the process of choice for the deposition of
ITO and a wide range of other industrial material coatings. In the basic sputter-

ing process a cathode (metal/ceramic target composed of the desired deposition
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material) is bombarded by ions. The anode is the chamber body, which includes
the sample. These ions are generated in a discharge plasma in front of the cath-
ode. The bombardment process causes the removal or sputtering of target atoms,
which may then condense into a thin film upon a substrate. Secondary electrons
are also emitted from the target surface as a result of the ion bombardment; these
electrons play an important role in sustaining the plasma. The magnetron assistes
the plasma discharge by making use of the fact that a magnetic field configured
parallel to the target surface can constrain the motion of secondary electrons to

the vicinity of the target.

The magnetron sputtering system has both Direct Current (DC) and Radio
Frequency (RF) mode available. DC sputtering operates on the principle that the
cathode attracts cations (positive ions) from the plasma, while the anode attracts
anions (the electrons). Two relatively high-field regions, the sheaths, separate the
plasma body from the anode and the cathode. If an insulating target is required
for a specific material growth a DC discharge would be unsustainable as no current
can flow through a dielectric, so you get a build up of ions at the surface of the

target which hinder the sputtering process.

RF sputtering operates by applying a RF voltage, as the alternating applied
voltage changes sign the current density to the electrode alternates between J;,,
(ion bombardment) and -qz (electron bombardment). The effect of the applied
voltage and current density at the cathode is illustrated in figure 3.9 (a) and (b).
However, the net current averaged over one period is not equal to zero as there is
a disparity in the mobilities of ions versus electrons. In order to achieve zero net
current over each RF cycle blocking capacitor self-biases because of the negative
charge accumulating. This creates a secondary DC field which offsets the applied
AC field. This is illustrated in figure 3.9 (c) and (d). The discharge time for the
capacitor leads to an extended ion bombardment period, where sputtering of the
target occurs, followed by electron bombardment for a short time but at with a

high current during which the external blocking capacitor is self-biased again [25].
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3.7.1 Deposition Chamber

A schematic of the chamber used in this thesis is given in figure 3.10. The
magnetrons in this system are manufactured by AJA International and contain
a fixed balanced magnetic array. The balanced magnetic array strongly confines
the plasma to the target region giving lower deposition rates than an unbalanced
magnetron. It would be difficult to deposit over large areas with uniform density
using a balanced magnetic array but for small area deposition this configuration
suffices [26].

The surface area of the targets loaded were 20.27 cm?. The thickness for
metallic targets was 0.64 cm. Ceramic targets were 0.32 cm thick with a bonded
0.32 cm copper backing to insure they were not electrically isolated from the
chamber. Furthermore, the copper backing is water cooled and acts a heat sink
for the ceramic target. The sample stage has a boraelectric heater incorporated

which allows deposition temperatures up to 1173 K. The sample temperature was

monitored by a thermocouple (Type K ) upon the surface of the heater, secured
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Magnetron Mass Flow Controller
Figure 3.10: Schematic of the
Magnetron  Sputtering System.
Magnetron A320-XP is perpen-
dicular to the sample with a
working distance of 13 cm from
the substrate surface. The work-
ing distance between the sample Sh
and Magnetron A320-LA = 1lcm.
Magnetron A320-LA is placed at [—
a 50° angle with respect to the | Loadlock
sample surface. The boraelectric

heater is situated beneath the

sample holder.

in placed by tantalum foil.

The base pressure of the system was 5x107° Pa. The sputtering gas was
controlled by a STEC IMC mass flow controller (SEC-4400MC-UC). For this
work, argon was soley used as a sputtering gas but reactive sputtering of targets

is also a possibility for the system.

Growth of Cry,_,Mg,.O;3

A ceramic target of CryO3 doped with 8 % magnesium (Purity: 99.9 %) was
supplied by Kurt J. Lesker. The ignition of a plasma occurred at 1 Pa. The
pressure of the argon gas during deposition was 0.5 Pa at 150 W. The target was
pre-sputtered for a period of 5 minutes before deposition began at the same argon
pressure and RF power. Pre-sputtering removes any adsorbates or oxdisation on
the target surface that may have occurred in the interim, providing a consistent

starting point for growth each time.
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Growth of ZnO

A ceramic target of ZnO (Purity: 99.9 %) was supplied by Kurt J. Lesker. The
ignition of a plasma occurred at 1 Pa. The pressure of the argon gas during
deposition was 0.5 Pa at 50 W. The target was pre-sputtered for a period of 5
minutes before deposition began at the same argon pressure and RF power. The

deposition temperature was fixed at 993 K.

3.8 Spray Pyrolysis

Spray pyrolysis is the third deposition technique used within this thesis to grow
p-type TCO films. It is used within this work to deposit Cu,CrO, films. Spray
pyrolysis is a process in which a thin film of material is deposited by spraying a
precursor solution through an air atomiser onto a heated surface. The chemical
reactants are selected such that everything other than the desired products are

volatile at the surface temperature of the substrate.

3.8.1 Deposition Chamber

Our spray pyrolysis setup was a confined environment (Abbess 18” Cube), em-
ploying an air blast atomizer nozzle (PNR Air assisted ultrasonic atomizer, model
MAD 0331 B1BA) placed at above a hot plate. Air and nitrogen was used as
carrier gas, and mass flow controllers was used to regulate the flow. The oxygen
concentration inside the chamber was monitored using an oxygen sensor (Sen-
sortechnics, model XYA1) placed at a distance of 35 cm away from the nozzle.
For the liquid delivery, a peristaltic pump (Watson Marlow Pumps Peristaltic
520S) has been used.

Copper acetylacetonate (0.012 M) and chromium acetylacetonate (0.03 M)
precursors were dissolved in methanol. The solution was sprayed at a rate of
1.67 ml min~' with an air blast nozzle (PNR, model 0331) using a mixture

of compressed air/nitrogen (5 %/95 %) controlled with a mass flow controller
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(Vogtlin, model red-y). The gas pressure was held constant at 17 L min~!. This
was sprayed from a distance of 30 cm above a hot plate. Two substrates were
used for this work: glass microscope sildes (Fisher brand, thickness 0.8-1 mm)
and polyimide (DuPont Kapton) film. The polyimide film rested upon micro-
scope glass slides which lay on the hot plate surface. Heater surface temperature
readings during spraying were taken using a type K thermocouple (chromel vs.
alumel) welded to the top of the hot plate. The temperature was Proportional
Integral Derivative (PID) controlled during spray conditions within 10 K. The

surface temperature at the substrate may systematically differ.

Material Characterisation

All as grown materials required analysis of their structural, electronic and optical

properties before any spectroscopic in depth analysis could occur.

3.9 X-ray Diffraction

X-Ray Diffraction (XRD) is a technique to analyse crystalline material. In 1912,
Von Laue discovered that crystalline substances act as diffraction gratings to inci-
dent waves that have a comparable spacing to the planes in a crystal lattice [27].
The diffracted x-rays in a crystalline material constructively interfere when con-

ditions that satisfy Bragg’s law are met:

nA = dsinf (3.14)

where n is an integer, 6 the Bragg angle, A the wavelength of the incident beam
and d the spacing between diffraction planes. The directions of possible diffrac-
tions depend on the size and shape of the unit cell of the material. The intensities
of the diffracted waves depend on the kind and arrangement of atoms in the crys-

tal structure. Structural information such as the unit cell dimensions, crystallite
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size, disorder and strain can be obtained from the diffraction patterns.

Figure 3.11: (a) High resolution x-ray Diffraction, Bruker D8 Discover (b)
Powder x-ray Diffraction, Bruker D8 Advance

XRD patterns have been measured with a Bruker D8 Discover, figure 3.11 (a)
using a monochromated Cu-Ka source for epitaxial thin films and grazing inci-
dence measurements. Nanocrystalline films were measured using a Bruker D8

Advance which contains a Mo-Ka source.

3.10 X-ray Reflectivity

The growth rates for all deposition techniques like MBE and magnetron can be
monitored in-situ with quartz crystal oscillators. The growth rate of the crystal
monitors is calibrated by cross referencing the thickness of the film by X-Ray
Reflectivity (XRR) which gives high precision value for the thickness of thin
films. Thin films can only be measured by XRR if less than 150 nm in thickness
with a low surface and substrate roughness.

XRR is based upon the measurement of reflected x-rays from a film surface.
Any incident electromagnetic waves upon surfaces are refracted, diffusely, and
specularly reflected. Studying the light reflected or transmitted by a thin film
reveals information on the thickness, roughness and density of the material in-
teracting with the light. When the thickness of the film is a multiple of a half-
wavelength of the light, the two reflected waves reinforce each other, increasing

the reflection and reducing the transmission. If the electromagnetic waves are
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within the x-rays photon energy regime the refractive index can be written as:

n=1-6—ip (3.15)

where ¢ is the dispersion term and 3 term. The real part of the refrative index

(1-9) in the high-frequency limit of the Drude model is given as:

n=1-uw/uw (3.16)

where w and w, are the x-ray photon and plasma frequency, respectively. The
incident x-rays have a photon energy well above the plasma frequency of materials
hence the real part of the refractive index will have values slightly below 1. At
grazing incidence there will be total external reflection of the x-ray wave. The

critical angle (6.) can be calculated from Snell’s law.:

Nfim

0. = arcsin

(3.17)

Nair
where ng, and n,;, are refractive indexes of the film and air respectively. At the

critical angle some proportion of the incident x-rays propagate along the surface.

Above the critical angle some x-rays penetrate into the material by refraction.

These sharp changes in reflected intensity allow the precise determination of
the critical angle. The refractive index of the film can then be determined, which
is directly proportional to p the film density (ng, — 1 o< p). Diffuse reflection
of the x-rays increases with surface roughness, which reduces the intensity of the
oscillations. Increased surface/interface roughness reduces the coherence length
of reflected x-rays, which causes a damping of oscillations. These effects can be
quantified and values for film thickness, surface, interface roughness and density

are produced [28, 29].

The measurement and quantification of the resultant interference pattern that
X-ray Reflectivity (XRR) from thin films is outlined in figure 3.12. A sample XRR

spectra is given in figure 3.12. 150 nm is the upper limit of the film thickness that
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Figure 3.12: X-ray reflectivity of a thin film of iron grown upon MgO (001)
outlining the information that is provided

can be quantified on the Bruker D8 Discover due to limitations in the resolution

and coherence length of x-rays [29, 30].

3.11 Electrical Measurements

Quantifying the electrical properties of a TCO is crucial to optimise it’s perfor-
mance. The sheet resistance of all TCOs were measured by four point probe
system (described below). When combined with the thickness value determined
by XRR, the resistivity was quantified. The sheet resistance versus temperature
was measured to give an estimate of activation energy of charge carriers within
the TCOs. The mobility of the TCOs was immeasurable with the Hall effect. An

alternative method of quantifying the carrier mobility is described.
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3.11.1 Four Point Probe Measurements

Four point probe measurements are carried out by applying a current across two
contacts and measuring the induced voltage across two separate electrodes. This
is illustrated in figure 3.13 (a). The separation of current and voltage electrodes
eliminates the contact and lead resistance from the measured resistance. Low
or high resistance samples require the application of an adjusted applied current.
The re-adjustment of applied current and sense voltage is done automatically by

a LabVIEW script. The applied DC current to the sample is adjusted so that

does not exceed 5 V.

power dissipation does not exceed 10 mW, while ensuring that the sense voltage
+ ! Vv ) Y
V +
Y . ! (/J

Figure 3.13: (a) Linear 4 point probe geometry (b) Van der Pauw 4 point probe
geometry (c) Placement of silver contacts

It is assumed that the current travels only along the plane of the sheet not
perpendicular, a valid assumption for thin film metal oxides. Practically, with
a homogeneous sample with identical contacts, the sheet resistance is related to

the measured resistance as:

R, = (3.18)

This approximation relies on the assumption that the sample generates a voltage
analogous to a dipole within an infinite sheet which only holds when a sample is
larger than the probe distance. For a probe spacing of 2 mm the sample should
be greater than 25 mm X 25 mm. The single crystal substrates use in this work
(10 mm x 10 mm) have an overestimated sheet resistance by 27 % [31]. All sheet

resistances have been reduced by the appropriate factor.

62



Chapter 3 E. Norton

: B
Y 1%
X

Z

/f
V="Vy

Figure 3.14: Schematic of the Hall effect measurement on a material. The
coordinate system is defined in the top left.

|
o

The linear four point probe experimental setup consists of a Keithley 2400
sourcemeter. The electrodes were spring loaded gold probes supplied by CODA-
PIN. Sheet resistance versus temperature measurements were carried out on the
same linear point probe experimental setup. The sample was heated by a Watlow
ceramic heater which varied the sample temperature between 323 K and 593 K

controlled by an Omega i-Series PID controller model number CNi16D53-EI.

3.11.2 Hall Effect

The mobility of TCOs can be quantified using the Hall effect measurements. The
basic physical principle underlying the Hall effect is the Lorentz force, which is
the combination of the electric and magnetic forces. An electron moving perpen-
dicular to an applied magnetic field with experience a magnetic force (—quv x B).
The resulting Lorentz force is equal to —q(F +v x B) where E is the electric field,
v is the particle velocity and B is the magnetic field. For an n-type semiconduc-
tor the carriers are predominately electrons of bulk density n. We assume that
a constant current (I) flows along the x-axis from left to right in the presence of

a z-directed magnetic field. Electrons subject to the Lorentz force initially drift
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away from the current direction toward the negative y-axis, resulting in an excess
negative surface electrical charge on this side of the sample. This charge results
in the Hall voltage, a potential drop across the two sides of the sample. This

transverse voltage is the Hall voltage V5 with a magnitude of:

_IB

Vi = —
" gnt

(3.19)

where [ is the current, B is the magnetic field, ¢ is the sample thickness,
and ¢ is the elementary charge. In some cases, it is convenient to use layer or
sheet density (ns = n.) instead of bulk density. Since sheet resistance involves
both sheet density and mobility, one can determine the Hall mobility from the

equation:

\Val  |Vul

po=—

= Bin (3.20)

The sheet resistance R, of the semiconductor can be conveniently determined

by use of the van der Pauw resistivity measurement technique.

van der Pauw technique

In order to determine both the mobility and the sheet density ng, a combination
of a resistivity measurement and a Hall measurement is needed. As originally
devised by van der Pauw [32], one uses an arbitrarily shaped thin film containing
four very small ohmic contacts placed on the corners of the plate. A schematic

of a rectangular van der Pauw configuration is shown in figure 3.13 (b).

Van der Pauw demonstrated that there are actually two characteristic re-
sistances Ry = Vj3/I15 and Rp = Vi4/Ils3, associated with the corresponding
terminals shown in figure 3.13 (c). To obtain the two characteristic resistances,
one applies a DC current I into contact 1 and out of contact 2 and measures

the voltage Vi3 from contact 4 to contact 3 [32]. R4 and Rp are related to Ry
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through the van der Pauw equation:

e—ﬂ'RA/Rs 4 e—ﬂ'RB/RS =1 (321)

This equation can be solved for R anaytically for a homogeneous square. It
can be solved numerically for R, when measuring other irregularly shaped samples.
The same setup in figure 3.13 (c) can also be used for the Hall measurement. To
measure the Hall voltage Vi, a current [ is forced through the opposing pair of
contacts 1 and 3 and the Hall voltage Vi (= Va4) is measured across the remaining
pair of contacts 2 and 4. Once the Hall voltage Vy is acquired, the sheet carrier
density ng can be calculated via ng = I1B/q|Vy| from the known values of I, B,

and q.

3.11.3 Thermoelectric Measurements

The Hall effect failed to measure the Hall coefficient of any of the p-type TCOs
discussed within this work due to that fact that the thermal voltage resulting

from thermal instability was larger than the detectable Hall voltage.

Despite the lack of detectable Hall voltage from our p-type oxide films, an
alternative method exists for estimating the carrier mobility within a material
using the Seebeck effect. If a temperature gradient is created within a material,
a potential difference will be created due to the diffusion of charge carriers. The

Seebeck coefficient measured the magnitude of the potential difference that arises:

AV Vot = Veoud
AT B Thot - Tcold

SB = — (3.22)

An estimate of the Seebeck mobility can be made for the charge carriers in a thin
film. For Cry_,Mg,O3 the magnesium acceptor dopes the CryOg3 lattice when it
replaces a chromium site [33]. Assuming a Small Polaron Model (SPH) holds for

Cry_,Mg,Os3, the ratio of occupied to available hopping sites (¢) can be expressed
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as [34]:

_ Mg
“T NPT + (0] 52

The Seebeck coefficient can be directly related to the fraction of occupied
carrier sites:

k. 2(1—c¢)

S=+-In (3.24)
e

Cc

as the Seebeck effect is produced by charge carrier diffusion which is directly
related to the fraction of carrier sites occupied. Measured ¢ values ranged from
0.05-0.3 and were around two to three times larger than expected for the nominal
magnesium/chromium ratio. Mg?* would be expected to generate one charge
carrier per substitution. However, the expected values are based on a very simple
assumption of the number of potential available hopping sites and also assuming
that a homogeneous Mg distribution does not affect the Cr coordination. For
highly doped material, dephasing or the presence of compensating defects reduces
the total number of available hopping sites, and a larger ¢ is possible. Within
the SPH model, c is related to the carrier concentration p by p = N¢, where
the density of conducting sites N can be calculated using the unit cell volume of
the CryO3 lattice and the number of chromium atoms per unit cell. Using the

measured conductivity and ¢ values, the Seebeck mobility can be written as:

p="2 (3.25)

The highest Seebeck mobility for Cry_,Mg,O3 was 1x107% cm?V~1s™1 [24].
It is likely that N is overestimated, as not every chromium site is an available
hopping site, then the model is underestimating the mobility. This process was

repeated for CuCrO, and gave an Seebeck mobility of 6.4x10™3cm?V~1s~! [34].
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3.12 UV-Vis Spectroscopy

The optical properties of all TCOs were characterised with a Perkin Elmer 650
lamba spectrophotometer which measured reflectance and transmittance of Ultra-
Violet Visible (UV-Vis) from thin films. The system consists of a deuterium and
tungsten-halogen lamp as sources in conjunction with a R6872 photomultiplier
as the detector. The wavelength ranges from 200 nm to 850 nm. The system is a
double beam and double monochromator (to separate the different wavelengths
of light), ratio recording optical system. Integrated transmittance and reflectance
are measured using a 150 mm integrating sphere to include the scattered trans-

mittance and reflectance.
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Chapter 4

Investigating the Electronic Band Struc-
ture Cry_,Mg,O3 and it’s applicability in

Electronic Devices

Cry03 has been recently reported as demonstrating p-type conductivity when
doped extrinsically with magnesium, nickel or lithium [1-4]. The first half of this
chapter focuses on understanding the electronic properties of Cry_,Mg, O3 films
using several spectroscopic techniques: X-ray Absorption Spectoscopy (XAS), X-
ray Photoelectron Spectroscopy (XPS) and Resonant Photoemission Spectroscopy
(RPES). The studies within this chapter will focus on the lack of dispersion of
the Cr 3d states within the valence band as a function of increasing long range

crystalline order.

An important aspect of the semiconducting industry has been reliant on the
materials silicon and germanium having the ability to be both p and n-type doped.
Although CryO3 can be bipolar doped, allowing for the manufacture of a homo-
junction, the n-type counterparts such as Cry_,Ti, O3 have been of extremely low
conductivity. Titanium specifically as a dopant is difficult to incorporate with a

fixed oxidation state of 4+ [5].

However, without the properties of the n-type counterpart optimised, the p-

type Cry_,Mg,O3 will be investigated for applications where high mobility of the
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charge carriers within the oxide is not vital importance. One of these applications
is as a selective contact to aid extraction holes from the active layer towards the
anode within a solar cell. The Valence Band Offset (VBO) and Conduction Band
Offset (CBO) created at the interface between the selective contact and anode
govern how effective the selective contact is at aiding this process. But the VBO
and CBO predicted by Anderson’s rule often significantly differs from the real
alignment at the interface of two oxides. Instead the band alignment of novel
oxides will be investigated experimentally by photoemission spectroscopy, the

methodology of which is outlined in Section 3.2.

4.1 Doping of Cry,0;3

Stoichiometric CryOg3 is an insulator with some reports of intrinsic p-type con-
duction [6]. Cro03 adopts a corundum structure: a hexagonal close packed array
of oxide anions with 2/3 of the octahedral holes occupied by chromium. Conven-
tional electronic band structure models would predict CroO3 to be an electrical
conductor with no band gap whereas in reality it behaves as a Mott-Hubbard
insulator with a band gap [7, 8] The optical, electrical and magnetic properties of
the corundum structure are highly correlated to the c/a lattice ratio and cation-
cation distances [9]. CryO3 has a reported optical gap of 3.4 eV [10]. However, it
has been well reported that sub band gap transitions exist below 3.4 eV indicating
that the fundamental gap between the conduction and valence band is less than
this value [8]. Theoretical calculations concerning the fundamental band gap will
be elaborated on in Section 4.6.5.

Most promisingly, extrinsic doping of CroO3 with magnesium and nickel has
produced high FoM p-type TCOs [3, 4]. The basis of this work arose from promis-
ing results from spray pyrolysis Cry_,Mg, O3 films which showed poor crystallinity
but produced conductivities as high as 0.11 Sem~!. The mobility of the films was
unquantifiable but this was initially believed to be caused by the poor crystalline

quality [11].
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Figure 4.1: X-ray diffraction of Cry_,Mg,O3 films grown by spray pyrolysis,
magnetron sputtering and molecular beam epitaxy. The top panel plots data
for the highest quality spray pyrolysis films with a conductivity of 0.1 Sem™!
obtained from Grazing Incidence X-ray Diffraction (GIXRD). The diffraction
lines observed are consistent with an eskolaite phase. The lower panel shows the
data for epitaxially grown Cry_,Mg,03(0.05 Sem™') and magnetron sputtered
Cry_ Mg, 03(0.09 Sem™1) taken by a symmetric /20 scan. Diffraction lines orig-

inating from the substrate (Al;O3) and the sample holder have been marked with
an asterisk (*)

The development of the growth of Cry_, Mg, O3 films by MBE produced epi-
taxial films that improved the conductivity of the films by a factor of two but the

mobility of the charge carriers could still not be measured by the Hall effect.

A review of the literature uncovered a trend: Cu,CrO,, CuCrOs:Mg, LaCrO3:Sr
and Cry_, Mg, O3 all had very low mobilities [12], that could only be estimated by
the Seebeck Effect (see Section 3.11.3) [13]. Only CuCrO,:Mg was measurable
by the AC Hall effect [14]. All chromium containing metal oxides have simi-
lar properties of reasonable conductivity (0.01 to 100 Sem™!), very high carrier

concentrations, but a very low mobility (see figure 2.8).

Hence, the electronic structure of the valence band of Cry_,Mg,O3 was probed

by XPS and RPES to provide insight into the origin of the low mobility of
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chromium based oxides. First, the local coordination was analysed by XAS, char-
acterising how the magnesium doping of the Cr,O3 lattice affects the absorption

and core level spectra.

4.2 Local Coordination

4.2.1 Surface Preparation

XAS measurements require synchrotron radiation and hence unavoidable ex-situ
transfer of samples. Surface carbon would in particular obscure the measurement
of the valence band, so preparation of the surface was required. The CryO3 and
Cry_,Mg,O3 films were sputtered with argon ions with a beam energy of 1 keV
(the minimum energy available) at 4x10™* Pa at grazing incidence to remove
carbon while reducing the possible of inducing any disorder. This was repeated
in 4 minute intervals until a surface sensitive XP spectrum (hr = 380 eV) of the
C 1s core level region showed no carbon present. The Cry_,Mg,O3 samples were
oxygen annealed at 600 K in an oxygen partial pressure of 1x10~? Pa to restore
the surface stoichiometry as oxygen may have been preferentially sputtered.
The Cr Ly 3 edge of epitaxial CryO3 thin films grown on Al,O3 was measured
for comparison with the Cry_,Mg,O3 film. Figure 4.2 (a) shows the spectral
features of Cry_,Mg,O3 and CroO3 which are very similar. Large changes have
previously been seen in the Cr Ly 3 edge in the material LaCrOs when it was
strontium doped. On substituting La by Sr the intensity of the Cr3* features
decreases and new features consistent the Cr** species can be observed [15]. In
the case of Cry_,Mg,Oj3 films the splitting of the Ly and L3 edges has the same
energetic value as the CryOj3 lattice, indicating no large changes in the splitting
of the 3d orbitals has changed with magnesium doping [16]. The only changes
observed in a sample with 8 % substitutional magnesium doping of the CryO3
lattice was an increase in intensity of spectral feature A in the Cr L3 edge.

Figure 4.2 (b) shows the Mg K edge of the Cry_,Mg,O3 films. The nominal
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Figure 4.2: (a) X-ray absorption spectra of the Cr Ljs-edge of CryO3 and
Cry_Mg,O3 (b) Mg K edge of Cry_,Mg,O3. The position of the Crd+ absorption
features would be expected at are denoted.

oxidation state of magnesium would be 24. However, the Mg K edge is found at
a higher energy with different spectral features when compared with the Mg K
edge of bulk magnesium oxide. This is due to that fact that the magnesium is
incorporated into the CroO3. Kehoe et al. has investigated the role of magnesium
doping within chromium oxide and calculated the most thermodynamically likely
defect was a magnesium ion replacing a chromium site [17]. This correlates with
the higher Mg K edge energy seen in figure 4.2 (b) when compared to MgO as it
has previously been attributed to the presence of distorted Mg-Og octahedron [18].
However, more detailed analysis of the Mg K edge would required modelling of
the absorption spectra of magnesium within the CroO3 lattice. The core level
photoemission spectra of Cry_,Mg,O3 and Cr,O3 also shows changes associated

with doping of the lattice.
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4.3 Cr 2p Core Level of Cry_,Mg,0O3 Films

Multiplet splitting of the Cr 2p core level gave a unique opportunity to probe

changes in the Cr 3d electrons in the valence band with doping.

CPS

600 595 590 585 580 575 570
Binding Energy (eV)

Figure 4.3: XP spectra of the Cr 2p core level of (a) CryO3(0001) on Al,O3 and
(b) Cr1,77Mg0_2303(0001) on AlgOg

The Cr 2p3/, and 2p,/» peaks are non trivial to fit due to the fact that they
broadened and show multiplet splitting due to the interaction of the 2p core hole
with the unpaired 3d electrons in the valence band. In fact, the direct photoe-
mission of the 2p core level does not appear within the 2p spectral regime [19].
Furthermore, the final state of the Cr 2ps3/, and 2p;/, peaks are screened by a
charge transfer from the polarizable oxygen ligands.

Biesinger et al. reported an empirical fitting of Cr 2p peak for CryO3 powder
and bulk eskolaite [21]. However this model did not produce a sufficient fit to the
core level for thin films of CryO3(0001) and Cry_,Mg,O3(0001) upon AlyOs.

Chambers and Droubay reproduced the shape of the Cr 2p core level with an

atomic multiplet calculation using the program CTM4XAS. Over 100 multiplets
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Table 4.1: Fitting parameters for the Cr 2p of CryO3. All peaks were fitted with
a peak shape that is the product of 70 % Gaussain, 30 % Lorentzian

Peak Position (V) FWHM (eV) Area (%)

Cr 2p Peak 1 574.15 0.90 1
Cr 2p Peak 2 575.25 1.1 17.5
Cr 2p Peak 3 576.35 1.1 14.85
Cr 2p Peak 4 577.20 1.25 8.85
Cr 2p Peak 5 578.35 1.82 8.70
Cr 2p Peak 6 580 4.0 6.75
Cr 2p Peak 7 582.42 1.66 0.48
Cr 2p Peak 8 584.55 2.75 4.92
Cr 2p Peak 9 585.48 1.96 12.80
Cr 2p3/, Satellite Peak 587.70 3.4 14.75
Cr 2py /5 Satellite Peak 596.76 3.8 7.4

Table 4.2: Fitting parameters for the Cr 2p of Cry_,Mg,O3. All peaks were
fitted with a peak shape that is the product of 70 % Gaussain, 30 % Lorentzian

Peak Position (V) FWHM (eV) Area (%)

Cr 2p Peak 1 574.2 1 0.20
Cr 2p Peak 2 575.17 1.2 17.58
Cr 2p Peak 3 576.24 1.1 17.37
Cr 2p Peak 4 o77.12 1.25 8.91
Cr 2p Peak 5 578.25 1.82 8.66
Cr 2p Peak 6 580 4.0 7.13
Cr 2p Peak 7 582.42 1.66 0.48
Cr 2p Peak 8 584.55 2.75 4.92
Cr 2p Peak 9 585.48 1.96 12.80
Cr 2p3/, Satellite Peak 587.70 3.4 14.75
Cr 2py 5 Satellite Peak 596.76 3.8 7.37

are produced for the Cr 2p peak. 10 multiplets were selected with the highest
probability and broadened with a Gaussian. In the case that two multiplets had
identical positions only one representative transition was selected. Unfortunately,
the CTM4XAS multiplet code does not give the detailed angular momentum
character of each final state. Therefore the origin of the transition that gives rise

to each individual multiplet is still unidentified [22].

Experimental fitting of the Cr 2p core level was improved upon by Unveren
et al. when the satellite contributions were included. A combination of the results

from these two papers provided detailed fitting parameters for the Cr 2p peak.
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The Full Width Half Maximum (FWHM), peak position and area for each
peak that was fit to the experimentally observed Cr 2p core level in Cry_, Mg, O3
is contained in Table 4.2. The intensity, binding energy and peak position of each
peak in unchanged by the magnesium doping of the film within the Cr 2p core level
with one exception. The peak at the low binding energy side (BE = 575.15 eV)
of the Cr 2p3/, intensity is reduced in Cry_,Mg,O3 when compared with CryOs.
This has previously been observed across at the CrN metal insulator transition
and also within the delafossite CuCrOy when magnesium doped. It has been
attributed to the screening effects of mobile carriers [23]. This indicates a large
amount of charge carriers move around the Cr 3d sites, within the Cry_, Mg, O3

films.

4.4 Valence Band of Cr,_,Mg,0O3; Films

The concept of engineering high mobility TCOs is founded on creating dispersion
within the valence band. Studies of the composition of the valence band would
provide insight whether magnesium doping of the CryO3 creates such dispersion.
However, unlike core level XPS, the valence band spectra provides non selective
elemental sampling. Figure 4.5 shows the valence band spectra of Cry 74Mgg 2403
and CryO3 films, both deposited upon polycrystalline ITO. The doping of the
Cry03 lattice with magnesium has not introduced any visible spectral changes
in the density of states within the valence band. The only observable change is
that from insulating CryO3 to conductive Cry76Mgp2403 there is a shift of the
entire valence band upwards so the E¢-Fygy value is reduced from 0.7 eV to
0 eV, consistent with the p-type character of Cro_,Mg,Oj3 films. Even though no
visible changes are observed in the density of states within the valence band the
magnesium doping may still cause delocalisation of the charge carriers.
Resonant Photoemission Spectroscopy (RPES) can be used to probe the el-
emental composition of the valence band: changes in the delocalisation of the

charge carriers should be reflected in a dispersion of the Cr 3d states within the
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Figure 4.4: Comparison of the density of states of CroO3 and Cry76Mgg240s5.
Both films are deposited upon ITO to circumvent the insulating nature of the
undoped Cry0O3 film. The samples were grown and analysis without breaking
vacuum.

valence band. The full theory behind RPES is contained in Section 3.4. If we
have a tunable photon energy, we can generate a second excitation process, sep-

arate from the direct photoemission of an electron. The process is outlined for a

3p — 3d transition:

o Direct Photoemission: 3d™ + hv — 3d" ! + ™!

« Resonant Photoemission: 3d" + hy — 3p>™3d"*! — 3p%3d"~! + et

the ~ arrow indicates the promotion of a core electron to an unoccupied states.
Direct and resonant photoemission results in the same final state, but the process
leading to that emission is quite different. The experiment requires measuring
the same valence band spectra collected below, at and above the photon energies
associated with an absorption edge. Any increase in intensity of states within
the valence band while scanning across that absorption edge would indicate that
final states associated with the second RPES process has occurred.

For the Cry_,Mg,O3 films the photon energies associated with the Cr 3p ab-

sorption edge will be scanned. Any increase in intensity of a specific feature
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Chromium 3p-3d Resonance in Cr;_,Mg,O;
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Figure 4.5: (a) Valence band spectra of the Cry gsMgg 1203 film over the excita-
tion energies 43 eV to 57 eV. The dark green box in (a) indicates the region where
resonant behaviour over 48-50 eV is observed. The light green box indicates the
lower resonance over 44-46 eV. (b) PES intensity for selected binding energies as
a function of incident photon energy. (c) Differences between the spectra at 50 eV
and 48 eV (o) reveal the strong Cr resonance around 3 eV and an increase of PES
intensity of 0.7 %. The spectral difference between 46 and 44 eV (¢) shows the
onset of that resonance with an increase in PES intensity of 0.2 %. The negative
differential signal in the 4-8 eV range is caused from going off-resonance to the
oxygen p-states (d) Smoothed 2D plot mapping intensity of the valence band
while scanning across the excitation energies of the Cr 3p absorption edge
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within the valence band, as the photon energy is varied, would indicate an in-
crease, in our case, of Cr 3d" ! electrons emitted by photoemission through the

intermediate resonant process.

Fig. 4.5 (a) plots the valence band photoemission intensity at a given binding
energy as a function of photon energy expected to be resonant to the 3p-3d
transition. The top of the valence band shows two separate resonances: a weak
spectral response at 44-46 €V at a binding energy of 2.7 eV and a stronger resonant

behaviour at 48-50 eV at a slightly higher binding energy of 3 eV.

The expected 3p-3d spectrum can be modelled using CTM4XAS software,
to see if the origin of this double peak feature can be pinpointed [24]. For the
atomic multiplet calculation the value of the crystal field parameter, 10 D,, was
chosen to be 2.03 eV; a value derived from the optical 2T, — 2A, transition
observed in the pure epitaxially grown CryOg films. This crystal field splitting is
broadly consistent with that observed from pure single crystals of CroO3 where
it was found to be 2.08 eV [25]. Although a trigonal distortion away from Oy,
to C3 symmetry is present in the corundum lattice, the effect of such distortion
on optical spectra is very small and various cluster and multiplet calculations

effectively ignore this distortion as a result [26, 27].

The Cr 2p and 3p XPS, Lso and Mss XAS are all best modelled taking
into account charge transfer multiplets, as shown in Section 4.3. A model for
such charge transfer parameters has been previously put forward by Matsubara
et al. [28] who successfully modelled CroO3 XAS, 2p XPS and 2p-3d Resonant
Inelastic X-ray Scattering (RIXS) data. These same charge transfer energies are
used in the present modelling. The L3, XAS and 2p XPS are modelled with core
hole lifetimes for the Ls 2ps/, hole of 0.32 eV and the Ly 2p; /5 hole of 0.76 eV
as recommended by Campbell and Papp [29], with an instrumental broadening
of 0.1 eV and 0.3 eV respectively. Our model reproduces the expected spectral
features seen in the Cr 2p and 3p XPS and L3, XAS. Figure 4.6 shows a plot

of the M3 o absorption edge. This edge and 3p XPS are modelled with core hole
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Figure 4.6: Cr M3, XAS spectrum with the distribution of intensities as ob-
tained in a charge transfer atomic multiplet calculation. Feature A: 40-45 eV is
due to a dominant transition to a low spin XAS final state of 2p° 3d* (t3,). The
more intense feature B at higher excitation energies (49-55 eV) is the much more
strongly allowed high spin XAS final state of 2p° 3d* (3 e}).

lifetimes of 1.2 eV for the M3 ,/3p holes and similar instrumental broadening. In
figure 4.6, two features A and B are present in the 3p XAS spectra. Feature
A, at the lower excitation energies of 40-45 eV, originates from a transition to a
low spin XAS final state of 2p°3d! (tgg). The more intense feature, B, at higher
excitation energies (49-55 eV) is the much more strongly allowed high spin XAS
final state of 2p°3d* (t3,e;) as previously remarked by both Li, Liu, and Henrich
and Bertel et al. [30, 31]. In the case of the M35 edge the atomic multiplet nature
of the transitions dominate the intensity profile interlinked with the density and
intensity of the allowed transitions to the given XAS final states. Although these
are the XAS final states, they are the intermediate state in the 3p-3d resonant
process and thus govern at what excitation energy the observed RPES feature
occurs at and also how intense that feature will be. The origin of the features
A and B in Fig. 4.5 in the Cry_,Mg,O3 film across the 3p-3d resonance can be
linked to a difference in energy between the high and low spin states (tgg) and

(t3,e4) which are the intermediate states for RPES.
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Ideally, RPES would now be carried out on CryO3 films to track the change
in CryO3 3d states with magnesium doping. However photoemission studies, par-
ticularly RPES, require conductive films. Instead of making a direct comparison
with an undoped Cry03 film a comparison will be made with conductive samples
of crystalline CuCrO, and nanocrystalline Cu,CrOs films in Chapter 5. This
comparison as well as the screening of the pre-peak within the Cr 2p core level
would indicate that there is a localisation of the holes within the Cr 3d states,

leading to a low mobility, conductive TCO.

4.5 Investigating the Role of Cr,_,Mg,O3 within
Devices

Despite the localisation of holes upon the Cr 3d states and the resultant low mobil-
ity of charge carriers within Cry_,Mg,O3 films, the rarity of transparent conduc-
tive p-type materials means the exploration within niche applications where low
mobility is not a limitation is necessary. One of these applications as discussed
in Section 2.3.2 is as an Anode Buffer Layer (ABL) in solar cells, specifically in

this instance organic solar cells.

4.5.1 Anode of a Bilayer Heterojunction Organic Solar
Cell

Organic solar cells are cheap and facile to manufacture. An organic heterojunction
solar cell is composed of two active layers (acceptor and donor) enclosed by an
electrode either side [32]. The cathode is composed of a metal. The anode in
this solar cell is usually composed of either ITO or FTO upon glass. Selective
contacts can improve the efficiency of these solar cells substantially. Typically
PEDOT:PSS, MoO3 or NiO are deposited upon the anode to act as an anode
buffer layer [33]. The role of ABLs are complex but a high work function p-type

metal oxide usually performs well [34]. The concept of an anode buffer layer aids
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hole transport towards the anode from the organic layer while blocking the flow
of electrons in this direction. CryO3 was seen to be another successful ABL for a
particular cell (see figure 4.7) [35]. However, it did not out perform MoO3z. With
the report of Cry_,Mg,O3 as a higher work function more conductive candidate
compared with CroO3 it was thought that it could improve the efficiency of these
simple solar cells further. Previous investigations had showed that 5 nm of Cr,O3
doubled the efficiency (0.16% — 0.35%) of the solar cell in figure 4.7 but resulted

in the cell possessing a large series resistance (2220 Q).

Glass

FTO/ITO
CI‘QO;;

CuPc

Ceo

Alqg

Aluminium

Figure 4.7: Schematic of an organic bilayer heterojunction solar cell FTO/ITO
is the anode and aluminium is the cathode. The active layers of the device are
Copper (II) Phthalocyanine (CuPc) and Fullerenes (Cgp). The anode buffer layer
is placed between the active layer and anode.

However, 5 nm Cry_,Mg,O3 when grown at the same thickness changed the
efficiency from 0.16 % — 0.45 %. At the same time the series resistance of
the cell was decreased by a factor of approximately five times compared with a
solar cell with a buffer layer of undoped Cr,O3 of the same thickness. A larger
improvement would have been expected due to the dramatic decrease in series
resistance. The anode in this case was FTO upon glass. These organic solar cells
have been synthesised and measured in the unpublished work of Mullarkey et al.

For this type of cell ITO or FTO can be used interchangeably. An anode buffer
layer may perform differently due to the differing band alignment. Mapping the

band alignment of the ITO-Cry_,Mg,Oj3 interface will give an indication if the
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combination of ITO-Cry_,Mg,O3 could improved the performance of the solar

cell over an FTO-Cry_,Mg,O3 anode.

4.6 Band Alignment of the ITO and Cry,_,Mg,0O;3
Interface

To map the energy band alignment of an interface requires in-situ transfer of sam-
ples. Surface properties are immediately modified by adsorbates. From kinetic
gas theory one monolayer adsorption occurs for a gas exposure of one Langmuir,
which corresponds to one second of exposure to 1x10~* Pa. Any contact with air
immediately leads to adsorption layers of hydrocarbons and water. Such exposure
does not only affect the work function but can also modify the Band Bending

(BB) at the surface [36].

4.6.1 Design of an Ultra High Vacuum Transfer System

Figure 4.8: (a) Custom XPS sample based on the Omicron design. It has been
designed so the back of the substrate will be exposed to the radiative heater which
replicates the exact conditions that samples are deposited in the MBE routinely.
(b) An unmodified MBE sample holder. (c) Modified MBE which is capable of
holding an custom XPS sample holder.

To transfer samples without breaking vacuum required a universal sample
holder that is compatible with both the deposition system and the XPS. The
deposition system chosen for band alignment was the MBE. The MBE allows

precise control of the thickness. The Scientia Omciron XPS has an inflexible

sample transfer mechanism. Therefore, the MBE sample holder was modified to
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Ion Pump

Figure 4.9: Ultra high vacuum sample transfer system attached to the load lock
of the XPS system. A Gamma Vacuum Titan Ion pump model 20S (pumping rate
20L/s). The pressure of the transfer system is measured by ion pump controller
(top right: 2.6x107® Torr). The sample is held during transfer by the SPECS
mechanism which holds an Omicron sample plate. The SPECS mechanism is
magnetically coupled to the rotation of the linear drive. A VAT valve (Mini UHV
Series 010) seals the transfer system while the load lock is vented to atmosphere,
for movement between vacuum chambers.

be capable of holding an XPS sample plate (see figure 4.8 (c)).

To move the sample between chambers a linear and rotary magnetically cou-
pled transfer arm (UHV Design Ltd.) with a SPECS Transfer Tool SH2/12 ISR
holds the XPS sample holder. The vacuum of the transfer arm is maintained by
a Gamma Vacuum Titan Ion Pump. A UHV compatible valve seals the transfer
system, allowing the loadlock of the MBE or XPS to be vented while keeping the
sample under vacuum (= 2x107% Pa). The pressure within the transfer system’s

chamber is monitored via the ion pump controller.

4.6.2 Changes in Cr,_,Mg,0O3; with Air Exposure

The necessity of the in-situ transfer system was illustrated by depositing 30 nm

of Cra_,Mg,O3 upon an Aly03(0001) substrate by MBE. The sample was trans-
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Figure 4.10: O 1s changes of Cry_,Mg,Oswith air exposure

ferred with the UHV transfer system to the XPS. The valence band and core levels
were measured via XPS and the work function via UPS. Subsequently, the sam-
ple was exposed to atmosphere for 5 mins and re-measured. This was repeated

for 24 hours of air exposure at atmosphere. The work function of Cry_,Mg,O3

decreases from 4.8 eV to 4.4 ¢V (figure 4.10 (b)).

The decreasing work function was linked to a change in the O 1s core level
peak (see figure 4.10 (a)). The O 1s peak in bulk Cry_,Mg,O3 contains two
components at 529.6 eV and 530.5 eV. The binding energy of a third component
at 532.7 eV within the O 1s peak indicates the presence of water adsorbed on
the surface [21]. Water is known to be an electron donor and likely induces
the decrease in the work function [37]. To have reliable energy band alignment
measurements the presence of these containments must be kept to a minimum by

not breaking vacuum when moving a sample from the deposition chamber to the

XPS.

Even though this a effect is not ideal for the experimental band alignment of

a sample it is a property sought after for gas sensing [38].
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4.6.3 Characterisation of ITO

Commercial ITO was supplied from SOLEMS with a carrier concentration of
2.4x10%! ecm™3 and an electron mobility of 52 cm?V~1s™! measured by Hall ef-
fect. Surface preparation was required ahead of band alignment as the ITO is
prepared ex-situ and loaded into the XPS. The film was sonicated in both ace-
tone and isopropanol for 15 mins in each solvent. The ITO film was heated in
vacuum to 623 K for 1 hour to aid removal of any surface adsorbed species. The
XP spectra showed carbon was reduced to negligible quantities after this cycle
of annealing (see figure 4.11). The In 3d peak was fitted using the Casa XPS
program. A Shirley background was used and all components were fitted with
a Gaussian/Lorentzian (25 %/75 %) product formula. The indium components
were modified by an exponential blend, due to the metallic nature of the film.

A fit of the In 3ds/, peak cannot be obtained without the second component
of Iny;. Ing falls at the expected reference binding energy, 444.8 eV, for 1TO.
The Inj; component is well reported as existing in I'TO film but the origin is con-
tentious [39]. Iny (BE = 445.90 eV) was thought to correspond with amorphous
ITO as it is separated for the In; peak by 1.1 €V, which is the reported separa-
tion of crystalline versus amorphous indium components in ITO [40]. However,
high resolution transmission electron microscopy has not revealed any amorphous
regions within the I'TO films when these spectral features are observed: both com-
ponents are now attributed to crystalline ITO [41].

Three oxygen components are contained with the oxygen 1s core level in the as
received ITO film. Oy (BE= 533.1 V) corresponds to water molecules adsorbed
either on the surface or within bulk. This component is removed by vacuum
annealing suggesting that the containments were surface adsorbed. The two O 1s
components remaining in the vacuum annealed sample are reported in in-situ
prepared ITO: the origin of the components Oy (530.50 eV) and Oy (531.90 eV)
have previously been separately investigated by Kim et al. and Bourlange et al. It

is suggested that two different types of O?~ ions exist within the ITO lattice. The
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Figure 4.11: (a) In 3d, O 1s and C 1s core level XPS peaks of the received ITO
film (b) XPS of bulk ITO after vacuum annealing at 673 K for 1 hour to remove
any carbon and hydroxide formation [39]

higher binding energy component Oy lies at oxygen deficient sites (i.e., they are
bonded to In atoms without their full complement of six nearest-neighbour oxygen
ions) [42, 44]. However, separately Bourlange et al. attributes the second peak to
plasmon losses due to the presence of Sn atoms within the ITO lattice [43]. The
origin of the doublet structure within the core level of ITO is not fully resolved
however importantly for the band alignment studies it is not a feature of surface

contamination.

Work Function and Valence Band

The UP spectra was taken using a sample bias of 5 V. The bias voltage is used to
ensure the detection of the complete secondary electron distribution. Work func-
tion measurements are sensitive to surface reconstructions, adsorbates, surface
termination etc [45]. Hence workfunction measurements should be performed on
the sample that band alignment will be carried out on ideally. However, ultra-

violet light has been shown to reduce the surface of ITO [46]. As this measurement
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Figure 4.12: (a) UP spectra of the ITO showing the work function of the film
to be 3.94/-0.1 eV. (b) XP spectra of the valence band region. The valence band
maximum lies 3.2 eV below the Fermi level.

will not be performed before any anode buffer layer is grown upon ITO in a real
device this may alter the band alignment of ITO with Cry_,Mg,0O3. The work
function measurements were performed on a separately prepared surface. The

measurement was repeated on several samples to ensure consistency.

The valence band maximum in a vacuum annealed sample lies 3.2 eV below
the Fermi level (see figure 4.12 (b)). The position of the valence band maximum
can be determined by a number of methods. The Kraut method fits the valence
band maximum position using a broaden valence band density of states theoret-
ical calculation to the spectra. This gives a determination of the valence band
maximum position with a precision of + 0.03-0.04 eV [47]. However, Kraut’s
method was most successful in the determination of valence band maximum of
ITI-V semiconductor interfaces. Chambers and Droubay reported that in oxides
the linear method may be more precise due to the complexity of modelling ox-
ides such as SrTiO3; compared with III-V semiconductors. Metal oxides can be
modelled using the Kraut method but only with improved, more complex com-

putational methods [22].
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Without access to such computations for ITO the linear method was chosen.
The linear method requires extrapolation of the leading edge of the valence band
while also fitting a line to the background of the valence band. The point of
intersection is said to be the valence band maximum. The linear method gives a
precision of ~ £ 0.1 eV. The choice of what range of the leading edge consists of

a straight line is the limiting factor in the precision of the linear method.

4.6.4 Growth of Cry,_,Mg,0O3 upon ITO

The high deposition temperature (873 K) and large oxygen partial pressure
(5.4x1073 Pa) required for the ideal growth of Cry_,Mg,O3 increases the sheet
resistance of I'TO. The increase in the sheet resistance of I'TO at elevated temper-
atures in a high oxyen partial pressure is likely due to oxygen as an interstitial
acting as a double acceptor [48]. A high sheet resistance would increase the series
resistance of the solar cell, potentially offsetting the increased efficiency due to the
insertion of a hole transport layer. Lowering the oxygen partial pressure could aid
in maintaining the sheet resistance of the ITO but this significantly degrades the
conductivity of the Cry_,Mg,O3. Lowering the deposition temperature to 673 K
for Cry_,Mg,O3 does not alter the conductivity within the error but maintains
the sheet resistance of the ITO (30Q/0J). The magnesium doping was 11.7 %
for the Cry_,Mg,O3 films. Doping the films with a magnesium concentration of
11-13 % gives the minimum resistivity of Cry_,Mg,O3 material in thin film form,
which should keep the series resistance of the solar cell low compared with using
Cry03 as a hole transport layer.

Table 4.3: Conductivity of Cry_,Mg,O3 grown upon Al;O3(0001) as a function
of temperature. The oxygen partial pressure was kept constant at 5.4x1073 Pa

Deposition Temp (K) Mg % (£0.2) Conductivity Sem™" (£ 0.01)

673 9.5 0.04
773 9.8 0.04
873 9 0.03

Band alignment measurements require monitoring the evolution of at least
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one core level within both films across the interface. For ITO this is a straight
forward choice of the In 3d5/, and 3ds/, peaks which will give the highest signal to
noise when attenuation of the core level intensity occurs for increasing coverage

of CI‘Q_IngOLQ,.

Section 4.3 gives detailed fits for the Cr 2p spectra for Cr,O3 and Cry_,Mg,O3.
However, Chambers and Droubay have shown previously that due to the strong
broadening and splitting of multiplet interactions the unambiguous assignment
of the binding energies is difficult as a function of thickness, particularly in the
region of several monolayers when the peak is broadened significantly [22]. The
Cr 3s peak cannot be resolved below 2 nm. For band alignment the final option
is to use the Cr 3p peak which is intense enough at low thicknesses but has a less

complex peak structure compared to the Cr 2p core level.

The Cr 3p is multiplet split like the Cr 2p but the quantity of this splitting
differs due to the smaller radial overlap between the 3p and 3d orbitals. The peak
shape due to multiplet splitting has not been resolved sufficiently and empirical
fitting of the Cr 3p peak can be performed [26]. However, peak fitting is not
required for band alignment as long as no lineshape change is observed across the
interface. The reference binding energy for the Cr 3p peak in bulk Cry_,Mg, O3
is 43 eV (figure 4.14 (a)).

The same procedure that was carried out on I'TO was performed to determined
the work function of Cry76Mgp2403 (figure 4.13). The valence band maximum
was measured to lie 0.95+0.1 eV below the Fermi level. The work function of

Cr1.76Mgg.2403 was determined 5.5+0.1 eV.

Photoelectron spectra recorded during the interface formation of ITO-Cry 74Mgg.2403
are shown in figure 4.15 (a)-(c). Based on the evolution of the core level binding
energy for each material the surface potential change across the interface can be
determined. The magnitude of the BB is determined from the core level binding
energy shift across the interface. It is important that a true shift of the core

level is observed and not just a line shape change. Included in the Appendix
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Figure 4.13: (a) UP spectra of Cry_,Mg,O3 showing the work function
5.5+0.1 eV (b) XP spectra of the valence band region. The valence band maxi-
mum lies 0.95 eV below the Fermi level
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Figure 4.14: (a) Cr 3s and Mg 2s peaks are used to calculate the doping ratio of

magnesium to be 11.7 % (b) Cr 3p peak from a Cry_,Mg,O3 sample of thickness
30 nm showing the reference peak binding energy of 43 eV.
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Figure 4.15: Photoelectron spectra of the ITO/Cry 76Mgg2403 interface. The
Cry1.76Mgo2403 film thickness is indicated in Angstroms. (a) In 3ds/2 and 3ds/s
spin orbit split peaks showing a core level shift of 0.2 eV across the interface (b)
O 1s peak showing the Cr-O and In-O components at intermediate coverage. The
same magnitude of core level shift is recorded for the O 1s components. (c) A
0.5 eV in the core level is seen in the Cr 3p core level. (d) E;-Ey gy calculated
from the core level binding energies (a)-(c).
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(figure A.1) is the normalised Cr 3p peak taken at various thicknesses during the
deposition of Cry_,Mg,O3 upon ITO. No lineshape change was observed. This
shows any shift in the core level binding energy likely originated due to the built
in potential at the interface which arose from the diffusion of carriers across the
interface.

The lineshape was also monitored in the In 3d5/, peak (figure A.2); following
the deposition of 4A of Cr1.76Mg.2403 upon ITO there is a reduction in the
intensity of the Inj; component fitted to the In 3ds/, peak. No further changes
in the lineshape of the In 3d peaks are observed for greater thicknesses of the
Cry_,Mg,O3. Due to the initial lineshape change, the individual components Ing
and Inpj; were tracked instead of the overall peak center.

For the substrate the BB is equal to the core level change observed in the film.
The BBipo was found to be 0.2 eV:. This was determined by averaging the core
level change seen in the spin orbit split 3ds/, and 3ds/2 components and the In-O
component of the O 1s core level.

To find the true BB within the deposited film (Cry_,Mg,O3) the change in the
film’s core level has to be subtracted from the induced surface potential change

from the substrate (Equation 4.1) over the same thickness regime [49].

BBﬁlm = AEcore level film — AEcore level substrate (41)

The average core level shift in the Cr 3p peak and the Cr-O component of
the O 1s peak across the ITO-Cry 74Mgp 2403 interface was 0.4 eV (figure 4.15(c)).
Over the same thickness regime (4A— 50A) the average change in the In 3d and
O 1s peaks was 0.1 e€V. This is subtracted from the core level shift induced in the
deposited film of Cry_,Mg,O3 to give a BB of 0.3 eV.

The change in the valence band maximum as function of thickness is shown
in figure 4.15. The valence band offset is derived directly from the difference
of substrate and film valence band maxima at intermediate thicknesses. The

minimum Valence Band Offset (VBO) was 1.7 €V (indicated in figure 4.15 (d)).
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4.6.5 Fundamental Band Gap
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Figure 4.16: The two films, CryO3 and Cry 78Mgg 2003, were grown at a deposi-
tion temperature of 873 K on Al;O3(0001). The other three films were grown via
magnetron sputtering from a ceramic target with a fixed magnesium concentra-
tion. The deposition temperature varied from 993 K to room temperature. This
created films of varying crystalline quality. The valence band was measured via
XPS. The absorption coefficent was calculated from Reflectance and Transmission
spectra from UV-Vis. The thickness of the films was measured by XRR.

Using the VBO, the Conduction Band Offset (CBO) can be calculated from
Equation 4.2. Reference values for the band gap are usually taken from the

literature.

CBO = Band gapy,,, + VBO — Band gap,,«trate (4.2)

However, it is important to note that the onset of strong optical absorption
(optical band gap) is not necessarily equivalent to the minimum gap between
the conduction band and valence band. This is crucial particularly for the band
alignment of the I'TO/Cry_,Mg,Oj3 interface as one of the roles of Cry_,Mg,O3

is to create a Conduction Band Offset (CBO) between the anode and active layer
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in an organic solar cell. Using the fundamental band gap versus the optical band
gap will change the CBO.

In 2008, Walsh et al. showed that the fundamental band gap of In,O3 is
2.9 eV [50]. The valence band states leading to the direct optical transition of
3.75 eV lay 0.8 eV below the valence band maximum. The fundamental band gap
of ITO is reduced to 2.7 eV due to band gap re-normalisation [48, 51].

A similar issue has arisen in Cr,O3 and Cry_,Mg,O3. The onset of absorp-
tion/optical band gap for CryO3 is well reported as 3.4 eV, but often assumed to
be equivalent to the band gap [52, 53]. However, when the absorption coefficient
is measured for Cr,O3 and Cry_,Mg,O3 thin films it shows optical absorption
features that lie below 3.4 eV. Their origin was thought to arise from either d-d

dipole forbidden transitions or defect states [§].

Calculating the Absorption Coefficient

To acquire the absorption coefficient («) of a thin film the transmittance (7") and
reflectance (R) spectra of the material is taken by UV-Vis spectroscopy. The
absorptance of a material is then be related to the transmittance and reflectance

by the following relation:

T+R+A=1 (4.3)

Utilising the Beer Lambert law the absorption coefficient can then be approx-

imately related to T and R by the following equation:

o= w (4.4)

where t is the thickness of the thin film being analysed. The thickness of a
thin film was measured precisely by X-Ray Reflectivity (XRR).
A 113 nm film of Cr,O3 on Al;O3 grown by MBE and matches the literature

reports that the onset of strong optical absorption occurs at a photon energy
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3.4 eV (see figure 4.16). Epitaxial films of Cry_,Mg,O3 (119 nm) deposited upon
Al,O3 by MBE show the onset of absorption to decrease to 3.3 eV. Additionally
however, epitaxial CroO3 and Cry_,Mg,O3 films in figure 4.16 show distinct op-
tical absorption features at 2.1 eV and 2.7 eV below the optical band gap. It
is possible that the magnesium doping of the Cry_, Mg, O3 lattice creates defect
states which leads to sub band gap absorption of light [54]. However, the sharpest
defined absorption features below the band gap occur for epitaxial CryO3 thin

films.

Reproducing the origin of the band gap for transition metals by modelling is
currently still an issue for theoreticians due to the fact that Density Functional
Theory (DFT) describes ground state properties and fails to predict electron-

electron correlation in excited states appropriately.

The initial theoretical calculations by Catti et al. using the periodic un-
restricted Hartee-Fock over estimated the band gap at greater than 15 eV [8].
Using Local Density Approximation (LDA) functionals predicted a band gap for
Cry03 of approximately 1.5 eV [55]. To more accurately predict the electronic
structure of CroO3 DFT+U has been adopted. U is the Hubbard parameter and

accounts for on-site Coulomb interactions of localised electrons.

The most recent calculations for CryO3 have applied a range of values for
the U parameter and compared with experimental photoemission valence band
spectra. This produced a range of values for the band gap (2.8-3.4 eV) [17, 56,
57] with no states calculated to lie below the optical band gap. Optical modelling
of CryO3 has shown though that two optically allowed transitions exist at photon
energies 2.1 eV and 2.7 eV [58]. The origin of these transitions is not fully resolved.
However, it is clear that optical modelling and experimental absorption spectra

indicate that the fundamental band gap is not 3.4 eV.

We have collaborated with the Condensed Matter Theory group in Trinity
College Dublin who recently have reported a method of self consistent method to

solve for U and J [59]. Using the U, J that were found from first principles the
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Table 4.4: Density functional calculations using LDA xc-functional and PAW
pseudopotential for the CroO3 lattice. The experimental value for the magnetic
moment of CryO3 is 2.8 pB [60].

Band Gap (eV) Magnetic Moment (uB)

LDA 1.27 2.30
LDA +U 2.09 2.56
LDA+U+1J 2.06 2.59

fundamental band gap was calculated to be 2.1 eV (see Appendix B.1 for further
details).

For this work, it will be assumed that a fundamental band gap of 2.1 €V holds
for Cry_,Mg,O3. This value will be used to determine the CBO that should exist

between the I'TO and Cry 76Mgg2403 interface.

4.6.6 Energy Band Diagram of ITO - Cr; ;4Mg(2403

Using the experimentally determined VBO, CBO, BB and work function values
the energy band alignment of ITO-Cry 76Mgp.2403 can be mapped. The theoretical
alignment of p-type Crs_,Mg,O3 with n-type ITO by Anderson’s rule would
predict a VBO offset of 0.65 eV and a CBO of 0.15 eV (figure 4.18 (b)). It assumes
the CBO between two materials will be given by the difference in electron affinity.
The magnitude of the built-in potential is assumed to be equal to the difference
in the two vacuum levels of the two surface brought into contact [61]. With such
a small theoretical predicted CBO it could be disregarded as an appropriate ABL
for solar cells where ITO is the anode.

However, this is considerably smaller than the experimentally determined val-
ues of VBO of 1.7 eV and CBO of 0.9 eV. The electron barrier created between the
conduction band minimum of Cry_,Mg,O3 and the fermi level of ITO and Type II
band alignment determined experimentally would indicate the ITO-Cry_,Mg, O3
interface to be useful as an electron blocking layer. To investigate if it aids hole
transport the valence band offset between Cry_,Mg,O3 and active layer would

have to be investigated.
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Figure 4.17: (a) Experimentally determined energy band diagram (b) Energy
band diagram predicted by Anderson’s rule [61]. The work function for ITO
and Cry76Mgp 2403 were assumed to be the same values as determined for the
energy band alignment studies by UPS. E. = conduction band minimum, £, =
valance band maximum, F, = fundamental band gap, WF= workfunction, AE,,
= valance band offset , AE = conduction band offset, Fermi level is denoted as
the green line.

4.6.7 Comparing the Alignment of Cr,_,Mg,O3; as an An-

ode Buffer Layer with Two Choices of Anode

As discussed in Section 4.5.1, an organic cell (figure 4.7) with FTO as the anode
showed there was only a marginal increase in the efficiency when Cry_,Mg, O3 was
used in place of CryO3 as the Anode Buffer Layer (ABL). This was initially sur-
prising as using Cry_,Mg,O3 in place of CryO3 within the cell decreased the series
resistance. When the band alignment of FTO-Cry_, Mg, O3 (see figure 4.18 (b))
was mapped, it became apparent it forms a Type III (broken gap) heterojunction,
which likely leads to it being ineffective as an ABL. The FTO-Cry_,Mg,O3 band
alignment is taken from an unpublished paper by Mullarkey et al. The conclusion
made was neither CryO3 nor Cry_,Mg,O3 is appropriate as an ABL when using
FTO as the anode.

It often occurs that the ABL layer should be switched out for an alternative
material if it does not improve the efficiency of the solar cell and the anode is kept.
However when comparing the band alignment of FTO and ITO with Cry_,Mg,O3

it becomes apparent that the combination of anode and ABL is vitally important.
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Figure 4.18: Energy band alignment of (a) ITO with Cr;7Mgp24Ozand (b)
FTO with Cry77Mgg2303. E. = conduction band minimum, F, = valance band
maximum, £, = fundamental band gap, WF= workfunction, AE,, = valance
band offset , AE,, = conduction band offset, I'ermi level

Due to the rarity of p-type TCOs, the replacement of the anode material for one
better aligned to the ABL could also be a viable option.

However, p-type Cry_,Mg,Oj3 is used a passive element within the solar cells
as an ABL. This work would like to incorporate Cry_,Mg,O3 as active element
within a device. The capabilities of an in-situ transfer system developed here
to facilitate the energy band alignment measurements, could extend the possible
use of Cry_,Mg,O3 by optimising it’s interface with alternative materials in the

future.

4.7 'Transparent diodes: Engineering Rectifying

Behaviour

In fact, another application explored was the use of Cry_,Mg,O3 within transpar-
ent rectifying diodes. As previously outlined homojunctions are preferable due to
the fact that there should be less complications due to large lattice mismatches
and electrical conductivity differences [62]. However, as of yet, Tin Oxide and

Zinc Oxide homojunctions have relatively low on/off ratios of 10% [63]. In fact the
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highest on/off ratio has been borne by the heterojunction NiO/ZnO [64]. NiO
is only semitransparent with the visible optical spectrum. p-type Cry_,Mg,O3
has improved transparency over NiO, therefore a more appropriate material for
transparent diodes. Arca et al. reported that Crs_,Ni, O3 and aluminium doped
Zn0O (AZO) did not show rectifying behaviour due to the high carrier density
of both Cry_,Ni, O3 and AZO [4]. By lowering the carrier concentration using
intrinsically doped zinc oxide it was theorised a larger built in potential could
be created, producing rectifying behaviour. These next sections will explore if a

rectifying transparent diode can be engineered.

4.7.1 Deposition of Cr, ,Mg,.0O3 on ZnO

The zinc oxide films used within this work were deposited by magnetron sputter-
ing, Section 3.7 outlines an in-depth discussion on magnetron sputtering. The

films were deposited at a temperature of 993 K upon Al,03(0001) from a ceramic

Zn0O target.
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Figure 4.19: Sheet resistance of ZnO films versus time as the film was annealed
at 693 K in a nitrogen atmosphere

The as-deposited ZnO films have sheet resistances in excess of 200 M/O.

ZnO films were nitrogen annealed (1 atm) ez-situ at 593 K. The sheet resistance

103



Chapter 4 E. Norton

Table 4.5: Ideality factor (n) of the heterojunction of ZnO-Cry goMgp 1303 as
function of temperature using the Shockley diode equation 4.6. The ideality fact
was determined between a forward bias of 0.5 V and 0.75 V. The on/off current
ratio values were taken at a bias of 1.5 V.

Temperature (K) 7 On/Off Ratio

300 12.46 1x103
280 11.07 1x10?
260 10.4 5x103
240 10.50 1x10%
220 8.59 2x104
200 6.8 5x10°

was monitored as the film was annealed (see figure 4.19), once the sheet resistance
plateaued at a fixed value the film was cooled to room temperature within a
nitrogen atmosphere. The sheet resistance of zinc oxide ranged between 200-
300 k2/0 deposited at the same temperature of 973 K.

The role of the nitrogen annealing on improving the conductivity within ZnO
either faciltates activation of intrinsic donor sites, e.g, Vo or passivates the grain
boundaries [65]. No detectable nitrogen incorporation is seen within XPS nor is
any change in the Zn 2p core level observed.

It was apparent though that vacuum annealing above 573 K reversed the ef-
fects of the nitrogen annealing and the films became insulating, suggesting grain
boundary passivation is the main effect in these ZnO films. This limited the qual-
ity of Cry_,Mg,O3 films that could be deposited as a high temperature (873 K)
and large oxygen partial pressure (5.4x 107 Pa) is required for the optimum grow
conditions. Room temperature deposition of Cry_,Mg,.O3 had to be optimised as
the magnesium incorporation within the films is highly sensitive to the deposition
temperature. The doping concentration of samples were calibrated by measuring
the atomic ratio of Mg and Cr by XPS using the Mg 2s and Cr 3s peaks.

Figure 4.20 (b) shows an XRD measurement of the ZnO-Cry goMgg 1303 het-
erojunction. The ZnO films grew with a wurtzite structure that is textured along
the (002) axis. The absence of any reflex associated with CroOj3 indicates that it

is likely amorphous, as would be expected for room temperature deposition.
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Figure 4.20: (a) Semilog plot of IV characteristics of p-type CrygaMgp 1503
deposited at room temperature on n-type ZnO (b) X-ray diffraction symmetric
0/20 scan of Cry_,Mg,O3 deposited at room temperature upon zinc oxide. The
zinc oxide film is textured along the (002) axis. No reflexes are observed from
Cry_,Mg,O3 as it is deposited at room temperature, so is likely amorphous.

The heterojunction was fabricated by a physical shadow mask placed over half
the ZnO film and depositing the p-type Cry_,Mg,O3 layer. Electrical properties
of the stack were probed by placing silver contacts either side of the junction. The
convention established was that the forward bias denoted a positive bias applied

to the p-type CrygaMgg 1503 layer.

Contacts

The contacts to both the ZnO and Cry_,Mg,O3 thin films were confirmed to be

non-rectifying in origin, see figure 4.21.

IV characteristics

The IV characteristics of the diode as a function of temperature are contained
within figure 4.20 (a). The diode exhibited clear rectifying behaviour. The IV

curve shows the current increases at higher temperatures due to the fact that
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Figure 4.21: (a) Ohmic contact of Zinc oxide films deposited at 993 K with
silver wire contacts (b) Ohmic contacts of Cry_, Mg, O3 depoisited at 873 K with
silver wire contacts

more carriers can diffuse across the interface. The diode produced an on/off ratio
of approximately 10% determined by taking a ratio of the current values at 1.5
and -1.5 V at 300 K. This is competitive with some epitaxial heterojunctions,
which is remarkable considering that here the p-type oxide is deposited at room
temperature [66]. The ideality factor (n) of the diodes can be estimated using

the Shockley diode equation [67]:

qV
I = IenksT (4.5)

where I, is the reverse saturation current, I is the forward biased current, ¢ ia
the elementary charge, V' is the applied voltage, and T' is the temperature that
the I'V curve is measured at. The Shockley diode equation can be rewritten as

follows:
g dVv

=1 4.
kT dIn (46)

n

The thermal voltage V; = k,T/q multiplied by the slope of the graph in fig-
ure 4.20 (a) will give the value of the ideality factor. The ideality factor is a
measure of the rate of change in curvature of a semilog plot of I versus V. It can
easily be observed that in figure 4.20 (b) the diode has no linear region, so the
ideality factor will be far greater than one. The ideality factor between a volt-

age of 0.5 and 0.75 V is calculated to be between seven and thirteen depending
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Figure 4.22: XP spectra of the Zn 2p and O 1s core level of ZnO post nitrogen
annealing

on the temperature that the I'V characteristic was taken at, see Table 4.5. The
Sah-Noyce-Shockley theory cannot account for ideality factors greater than 2 [68].
Such high ideality factors have been observed in other oxide diodes previously due
to cation mixing at the interface [69]. However, this seems unlikely within this
work as the Cry_,Mg,O3 films are deposited at room temperature. Understand-
ing the origin of the rectifying behaviour, high ideality factor and how to further
optimise the properties of the diode is investigated by mapping the energy band

alignment of the interface.

4.7.2 Energy Band Alignment of ZnO and Cr, ,Mg,O3

XP spectra of the nitrogen annealed ZnO films are shown in figure 4.22. The
Zm 2p spin orbit peaks showed no spectral changes with nitrogen annealing, the
samples were charge compensated in the pre-annealed state due to the insulating
nature of the films. The binding energy of the Zn 2p core level was 1022.15 eV,
which is higher than expected for the bulk value of ZnO. The binding energy is
consistent with some hydroxide formation on the surface [20]. Indeed, the O 1s
had two components, one of which indicated some hydroxide formation on the

surface (BE=532.35 eV). However, any vacuum annealing to remove adsorbates
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Figure 4.23: (a) UP spectra of ZnO showing the work function of the film to
be 3.9+/-0.1 eV. (b) XP spectra of the valence band region. The valence band
maximum lies 3.4 eV below the Fermi level.

increased the resistivity of the ZnO film. The energy band alignment was there-
fore performed on the as received film. As a result the energy band alignment
contained within this work may not fully reflect the true alignment of the inter-

face grown in vacuum but nevertheless will give a strong indication of the VBO

and CBO offsets.

UP spectra determined the work function of ZnO to be 3.840.1 ¢V with the
sample was biased by 5 V. The valence band spectra from XPS determined the
VBM to lie 3.440.1 €V below the Fermi level. The linear method was used to

determine the value of the VBM and work function.

This was repeated from the CrygMgg 1503 film. The VBM lay 0.7+0.1 eV
below the Fermi level. The work function was determined to be 5.7£0.1 eV. The
binding energy of Zn 2p, Cr 3p and O 1s core levels were monitored as a function
of Cry_,Mg, O3 film thickness. The Cr 3p core level showed a binding energy shift
of 0.3 eV (see figure 4.24 (c)).

The Zn 2p core level shifted by an absolute value of 0.5 eV. However as the
Cry_,Mg, O3 film thickness increased above 25A the Zn 2p core level shifted back

to the bulk reference value of 1022.15 eV. The oxygen peak shifted by the same
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magnitude. No lineshape changes in the zinc core levels were observed to explain

this shift at the interface (see Appendix A.2).

Inconsistent movement of core levels peaks has been observed at other oxide
interfaces, the origin of which can arise from strong BB due to the polarizabil-
ity of one film, adsorbates producing surface states that do not reflect the bulk
properties, and chemical bonding at the interface, among others [36, 49, 70]. Any
of these possibilities could explain the observations seen in figure 4.24 (a), more
insight can be provided by changing the deposition conditions. The quantity for
adsorbates at the interface will vary if the experiment is repeated, changing the
magnitude of the shift at the interface. The ZnO-Cr; goMgg 1503 interface was
re-grown but exactly the same inconsistent shifting was observed. The chemical
bonding at the interface will vary with deposition temperature. While strong
band bending due to the polarizability of one film will vary if the extrinsic dop-
ing of the Cry_,Mg,O3 film is changed. As deposition above room temperature

is not possible changing the extrinsic doping of Cry_,Mg,O3 was investigated.

The energy band alignment between ZnO and Cry_,Mg, O3 films substitution-
ally doped with 2.3 % and 17 % of magnesium showed the core level peaks in
zinc oxide always initially shifted to a lower binding energy by 0.4 and 0.5 eV
but above 25A film thickness of Cry_,Mg,O3 the Zn 2p shifted back to a higher
binding energy. Figure 4.25 shows the changes in the position of the valence band
maximum based on the core level changes for a low and high extrinsic doping of
the CryO3 lattice. The magnitude of this effect seen within the zinc oxide films

was then independent of the extrinsic doping of the Cry_, Mg, O3 films.

This indicates the most likely origin for the inconsistent shift of the core
levels is a large quantity of defects created at the interface due to the room
temperature deposition of Cry_,Mg,O3. The high ideality factor of the diodes

correlates strongly with this result.

Even though the origin of the inconsistent band bending in ZnO has been

pinpointed, this still makes determining band bending within the Cry_,Mg,O3
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ZnO-Cry;_,Mg, O3 Interface as a Function of Magnesium Doping
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films complicated. As mentioned when mapping the ITO-Cry_,Mg,O3 interface,
the change in the films core level (Cry_,Mg,O3) has to be subtracted from the
induced surface potential change from the substrate (Equation 4.1) over the same
thickness regime [49]. However, in the case of the inconsistent band bending of the
substrate it is not clear what is a true shift in the core levels due the diffusion of
carriers across the interface. It is noted that between a Cro_,Mg,O3 thickness of
4A and 15A no change in the Zn 2p core level is seen at any of the interfaces made
with Cry_,Mg,O3 films. Any core level of Cr 3p over this thickness regime is taken
as a true band bending within the film. However, the core level changes within
the Cry_,Mg,O3 films seen over the larger range of thickness values cannot be
verified without reversing the stacking, i.e, depositing the ZnO upon a substrate
of Cry_,Mg,O3. This could not be performed yet due to the lack of facilities to

transfer in-situ between the magnetron sputtering system.

The VBO was taken to be the minimum value determined between the inter-
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face of ZnO and Cry_,Mg,O3. The literature value for the ZnO optical band gap
(3.3 eV) is the reported fundamental band gap between the CBO and VBO [65].

CBO = Band 2aPgay + VBO — Band gaDgubstrate (47)

CBO = 2.1 &V + VBOminimum — 3.3 €V (4.8)

With these parameters the energy band diagram can be mapped for Cry_, Mg, O3-
Zn0O interfaces as the magnesium concentration changes. For all interfaces be-
tween ZnO and Cry_,Mg, O3 films the energy band diagrams, shown in figure 4.26,
indicate the CBO is much smaller than the VBO. Therefore, electrons should be

the dominant carriers under forward bias.

The threshold voltages for this diode was = 0.1 V (see figure 4.20 (a)). The low
threshold voltages, large ideality factors and inconsistent band bending contained
within the ZnO film suggest the interface states strongly influence the behaviour
of the diodes [Mishra2007]|. However, there is little that can be changed at the
Cry_,Mg,03-Zn0O interface to improve this. One solution could be to explore the
deposition of the Cry_,Mg,O3-Zn0O stack reversed, i.e, the p-type layer will be
deposited first. The ZnO films can be annealed in a nitrogen atmosphere after the
deposition of the n-type layer upon Cry_,Mg,O3. For these studies the effects
of nitrogen annealing upon the Cry_,Mg,O3 layer will have to be investigated.
Also the in-situ transfer of samples between the magnetron sputtering system
and XPS will have to be developed so the interface properties by band alignment

can be investigated.

The most likely fruitful outlook is to seek out an alternative low carrier concen-
tration n-type conducting oxide. The band alignment of the ITO-Cry_,Mg,O3
would indicate that In,Osz could be an appropriate candidate material. In,Oj
can withstand higher deposition temperatures, producing a less defective inter-

face which could increase the ideality factor and performance of the resultant
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Energy Band Diagrams at the Interface of ZnO-Cr,;_ ,Mg,O;
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diodes.
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Chapter 5

Investigating the Electronic and Mechan-

ical Properties of Low Temperature Nanocrys-

talline Cu,CrO,

Some applications (displays, thin film solar cells, among others) require materials
that are transparent yet also electrical conductors, as a metal contact would
inhibit their optical functionality [1, 2]. To date, such transparent electrodes
are made from doped metal oxides, most commonly n-type Indium Tin Oxide
(ITO) [3]. However, there is great scope for flexible electronic devices e.g. printed
solar cells, to compliment the mature silicon based electronic industry [4]. The
electrical conductivity of I'TO is strongly linked to it’s long range crystalline order.
ITO is quite brittle and often cracks on polymeric substrates under a low strain
when deposited over large areas, thus it has shown sub par performance on flexible

substrates [5, 6].

Recently, n-type amorphous transparent semiconducting oxides such as In-
dium Gallium Zinc Oxide (IGZO) satisfy the basic criteria required for flexible
devices: highly conductive when deposited at low temperatures [7]. It’s amor-
phous nature avoids the complexities and variability of it’s polycrystalline coun-

terpart, ITO.
Analogous p-type TCOs have so far only found use in laboratory devices, e.g.,
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buffer layers in dye sensitized solar cells, hole injector in organics light emitting
diodes, and water splitting electrodes, while also finding use a possible new range
of transparent electrical contacts for p-type semiconductors such as amorphous

silicon [8-11].

With an outlook towards cheap printable electronics these lab devices may
become industrially relevant. In addition, roll to roll processing of devices requires
materials that can withstand tensile strain even if the active device will not be

designed to be intentionally bent.

Most p-type TCOs are polycrystalline though, with processing temperatures
in excess of 1000 K, which is too high for use with flexible substrates. Only one
amorphous p-type TCO has been synthesised so far: zinc rhodium oxide [12, 13],
however the low conductivity at room temperature (0.14 Sem™1!) is not sufficient

for applications as a high performance transparent electrode.

This chapter will discuss the design, electronic structure and mechanical
properties of a recently synthesised, highly conductive transparent p-type oxide,
Cu,CrO, [14]. Experimental results show that the conductivity of this oxide does
not appear to be linked to long range crystalline order, although it is not entirely
amorphous. It’s suitability as a large area flexible electrode is assessed here as it

has deposition temperatures compatible with such substrates.

Cu,CrO, p-type oxides films were grown by spray pyrolysis (using the proce-
dure outlined in section 3.8) at a deposition temperature of 618 K using copper
and chromium acetylacetonate as precursors. A comparison of the Figure of
Merit (FoM) with other p-type oxides and ITO is graphed in figure 5.1. A range
of FoM values can be achieved with the Cu,CrO, films by varying the copper
concentration. Previous growth of any CuCrOs phase had required deposition
temperature in excess of 823 K achieving polycrystalline films with a conductiv-
ity of 0.9 Sem™! [15]. The films grown by spray pyrolysis in this work were two
orders of magnitude higher in conductivity. This chapter will provide insight

into the electronic structure of Cu,CrOsy by employing X-ray Diffraction, X-ray

124



Chapter 5 E. Norton

Absorption Spectroscopy (XAS), X-ray Photoelectron Spectroscopy (XPS) and

Resonant Photoemission Spectroscopy (RPES).
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Figure 5.1: Plot of the FoM for nanocrystalline Cu,CrO, for x = 0.12, 0.2, 0.3
and 0.4. Other p-type TCOs are plotted for comparison [16-25].

5.1 Verifying the Structure of Cu,CrO,

Figure 5.2 shows Grazing Incidence X-Ray Diffraction (GIXRD) measurements
performed with a grazing incidence angle of 1° using a large copper soller slit
and a scintillation detector on films grown upon polyimide (a standard flexible
substrate) and float glass.

The candidate structures for the films were either the spinel CuCr;Qy4, corun-
dum Cry03:Cu or delafossite CuCrO,. Two reflexes were seen in the diffrac-
togram; the diffraction lines were not consistent with CryO3. GIXRD showed
that the reflexes were likely the (012) and (110) diffraction lines of the CuCrO,
rhombohedral structure (space group R3m). However, the diffraction lines were
low in intensity and could also possibly correlate to the spinel CuCr,Oy4 (211) and
(411) reflexes.

To unambiguously determine the crystalline structure, the copper oxidation
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Figure 5.2: Grazing incidence x-ray diffraction of (a) Cu,CrO, grown on poly-
imide compared to bare polyimide. (b) Cu,CrO, with varying copper content.
XRD diffraction lines are shown for CuCrO,, Cr,03 and CuCr,0y.

state was verified by XPS by analysing the Cu 2p core level. The spinel phase
(CuCrz04) would require the copper to reside in a 24 oxidation state while within
the CuCrOy structure the copper should adopt an oxidation state of 1+. The
oxidation state is easily resolved for copper by XPS indicating the likely structure
of the material. The copper Auger LMM peak can be used to quantify the
oxidation of copper but due to the close proximity of the Cr 2p core level to this
Cu Auger and the difficulty in assigning relative amounts of different oxidation

states the Cu 2p core level was used here [26].

All samples were chemically cleaned ezx-situ in methanol, acetone and iso-
propanol in an ultrasonic bath. XPS of the as received film (see figure 5.3 (a))
showed that the main component of the Cu 2p core level had a binding energy
(932.55 eV), lineshape and FWHM consistent with Cu'™ being the predomination
oxidation state within the p-type oxide films. A second component was found to

reside within the Cu 2p core level at a much higher binding energy, 935.20 eV,
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Figure 5.3: (a) XPS spectra of Cu 2p peak of Cu,CrO, as deposited and (b)
argon sputtered surface of the Cu 2p of Cu,CrO,. The Cu 2p3/, peak is consistent
with a Cu™! oxidation state with a binding energy of 932.4 ¢V, FWHM = 1.1.
Small quantities of Cu*? at 933.8 eV are still present after sputtering. The Cu
satellite peaks between 940-945 ¢V for Cu®" is notably absent. (c) Cu(acac),
precursor.

than would be expected for a Cu*?-O bond. The Cu?* state within CuO can be
identified by a broad peak (Full Width Half Maximum (FWHM) equal to 3 €V) at
a binding energy of 934.4+0.25 eV and a large shake up structure between 940 eV
and 950 eV [27]. The shake up structure (figure 5.3 (a)) did not have the signature
shape indicating a Cu-O bond associated with the spinel phase. Figure 5.3 (c)
shows an XP spectra of the unreacted copper acetylacetonate precursor used to
grow the film. It matches the spectral features seen on the as received surface
indicating residual vapours in the chamber may deposit on the surface leaving a

layer of unreacted precursor on each film.

Figure 5.3 (b) showed the spectra after argon sputtering. The argon ion gun
was operated at 500 V for 10 minutes with a sputter current of 2-3 pA. The
resultant Cu 2p spectrum (figure 5.3 (b)) showed the composition of the bulk

film to be 98 % Cu'*, 2 % Cu?* and all traces of the precursor removed.

Hence, based on the XPS and XRD measurements the structure for the films
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Table 5.1: Copper 2p spectral composition the (a) as received and (b) argon
sputtered Cu,CrO, surface. BE= Binding Energy

(a) BE (eV) Area (%) (b) BE (eV) Area (%)
Cut! 932.55 61.30 932.46 98.38
Cut? 934.44 1.19 934.44 1.62

Cu(acac)sy 935.20 17.79
Cu(OH), 936.41  1.11

Cu(acac)y Sat. 1 941.43 8.81
Cu(acac)y Sat. 2 944.14 9.79

was concluded to be a nanocrystalline CuCrO, delafossite structure [14, 28].
From the XRD pattern the a and c¢ lattice parameters were calculated to be
2.9840.05 Aand 17.16+0.05 A, respectively, which is close to their crystalline
values of 2.97 A and 17.1 A. The weak (012) reflex (figure 5.2) is attributed to
ordering of the O-Cu-O planes in the nanoscale regime. The average coherent
domain size using the Scherrer equation was estimated to be less than 10 nm. The
(006) reflex for CuCrOs is notably absent: indicating either a randomly ordered

CrOg environment or a strong crystallographic texturing of the film.

5.2 Growth of Cu,CrO, Films

To achieve the optimum film optical and electrical properties a screening of the
copper/chromium ratio, temperature and oxygen partial pressure was carried out.
The aforementioned film properties showed a strong dependence on temperature.
The films’ electrical conductivity is greatly reduced when grown outside the tem-
perature window of 618 4 3 K upon float glass. This is likely due to the fact
that in spray pyrolysis the substrate temperature governs precursor decomposi-
tion and the rate of solvent evaporation. The change in either parameters is likely
to effect the growth rate: affecting the depositing of alternating layers of Cr and
Cu that compose the delafossite structure. The narrow surface temperature for
optimum film growth was unchanged for growth on the polyimide films (with a

thickness of 0.08 mm) once they were placed upon float glass and not directly
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upon the hot plate.
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Figure 5.4: (a) The oxygen partial pressure during growth for a non evacuated
chamber (b) The oxygen partial pressure during growth for a chamber pre evac-
uated with nitrogen (¢) Depth profile of a Cu,CrO, film when the initial oxygen
partial pressure of the chamber is 16 % (d) Depth profile of a Cu,CrO, film when
the initial oxygen partial pressure within the chamber is & 0 %

The effect of the oxygen partial pressure on the composition of the initial
Cu,CrO, films was quantified by using XPS depth profiling and measuring the
atomic concentration of chromium and copper. The residual precursor seen on as-
grown films (see figure 5.3 (a)) was first removed before quantifying the Cu/Cr
ratio of any film. The Cr 2p and Cu 2p core levels were used to quantify the
composition of the films. A one to one Cu:Cr ratio would be expected for a sto-
ichiometric delafossite phase. All films quantified (figure 5.1) were deficient in
copper. Cug4CrOs was the highest copper content that could be incorporated
into the lattice under these growth conditions, which gave the highest conductiv-

ity achieved of 12 Sem™! [14]. Increasing the copper/chromium precursor ratio
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further did not result in a higher quantity of copper incorporated into the lattice

at these temperatures.

The film was etched using an argon ion gun operated at a voltage of 750 V
with a sputter current of 8.5 uA. The atomic ratio was taken at each interval after
sputtering for 0, 10, 33 and 60 minutes. The Cu 2p and Cr 2p lineshape does not
change significantly. The rate of etching by argon sputtering was estimated by
XRR of a film before and after 15 minutes of etching using the above sputtering
conditions. The reduced thickness was then converted into an estimate of the

etching time to create an approximate depth profile of an entire film.

Cu,CrO; films grown in an oxygen rich environment showed that a consump-
tion of oxygen occurred until the overall chamber oxygen partial pressure lowered
to be approximately 0 %. This consumption of oxygen during film growth is often
seen when using methanol as a solvent, however the XPS depth profile revealed
that as the oxygen partial pressure within the chamber decreased the incorpo-
ration of copper within the films increased (see figure 5.4 (a)&(c)). This was
attributed to the fact that the formation of CryOg is favoured in an oxygen rich

environment.

Growth of films without a controlled constant oxygen partial chamber pressure
then led to films with an inhomogeneous incorporation of copper. Pre-evacuation
of the growth chamber with nitrogen gas to reduce the partial pressure of oxygen
within the chamber to be approximately 0 % ensured the copper incorporation
was homogeneous (see figure 5.4 (b)&(d)). However, if some small quantity of
oxygen (approximately 2 %) is not introduced into the chamber the reaction
mechanism to produce Cu,CrO, films does not proceed and the precursors are
left on the surface of the substrate. A fixed ratio of compressed air/nitrogen
(5 %/95 %) sprayed into the chamber was found to result in the most conductive
Cu,CrO; [28]. The highest FoM and conductivity is achieved with = = 0.42,
however a more transparent but resistive Cu,CrO, film can be achieved with a

lower copper content, as is shown in figure 5.1.
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Popa et al. pushed the copper content even higher to Cug 45CrOs by depositing
films by chemical vapour deposition [29] and achieved a conductivity of 100 Sem™*.
The XRD measurements showed that a much higher ordering of the O-Cu-O

planes which most likely contributes to the higher conductivity observed.

5.3 Electronic Structure of Cu,CrO,

The previous two sections outline how the crystalline structure and phase has been
verified. However, an explanation for the deficient Cu,CrOs nanocrystalline films
being two orders of magnitude more conductive than polycrystalline CuCrOs films
is desired. How the local atomic coordination of the Cu,CrO, films changes with
an increasing copper concentration provides insight into the electronic structure
of the thin films. This can be probed by spectroscopic technique XAS.

When the Cr L edge for Cu,CrO, films (figure 5.5 (b)) is compared with the
epitaxial Cry_,Mg,O3 and CryO3 Cr Lo edge (see figure 4.2) it is apparent that
the absorption features are not as sharp as in the epitaxial films. This likely arises
due to a more ordered local coordination of the chromium atoms than the nano
crystalline Cu,CrQO, films which have a random crystal axis orientation. Spectral
features remain consistent across the films, indicating the local electronic struc-
ture of the chromium atoms within Cu,CrO, films is similar to the Cry_,Mg,O3

films.

5.3.1 Cu L3 edge

Unlike the chromium absorption spectra, the assignment of a clear oxidation state
and electronic structure with a cuprite phase, Cu,O (Cu™?), is difficult. The cop-
per x-ray absorption spectra have been difficult to analyze. Nominally, a Cul*
oxidation state would be expected to have fully occupied Cu 3d states in the
valence band and an empty Cu 4s conduction band. Band structure calculations

by Hulbert et al. show CuyO to have substantial 3d character in the conduction
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Figure 5.5: (a) X-ray Absoprtion Spectroscopy of the Cu Lz edge of CugoCr;Os 4
and CUO.4CI'102.5.<b) Cr L273—edge of CHO.QCT102.4, CHQ.4CI'102.5

band and conversely 4s character in the valence band [30]. However, experimen-
tally the Cu Lg 3 edge is difficult to analyze as x-ray spectroscopic investigations
are nearly always overly sensitive to a mixed ground state as 2p edge core level
spectroscopy is dominated by atomic multiplet effects as noted for instance in
Resonant Inelastic X-ray Spectra (RIXS) of CuyO being dominated by 3d — 3d*

transitions [31].

Surface Electronic Structure of Cu,CrQO, Films

Figure 5.6 (a) shows the as-grown Cu L3 edge. A large absoprtion feature is
seen at a photon energy of 926 eV below the onset of the Ls edge. When the
sample is argon sputtered at a pressure of 4 x10~* Pa with a beam energy of
1 keV at grazing incidence the intensity of the feature is significantly reduced.
The pre-edge absorption feature does not reappear after vacuum annealing but
oxygen annealing at 1x1072 Pa at 500 K produces the same Cu Lj edge features
seen in the as-grown film. The pre-edge feature of the Cu L3 edge appears to be
associated with surfaces exposed to air or oxygen annealing. This would indicate
an increase in the number of a defect-like complex associated with increasing the

copper content in the films themselves. The fact that this increase is not observed
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by vacuum annealing alone and that the Cr L, 3 edge is not affected leads to the

identification of a Cu-O; defect complex as a likely candidate.
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Figure 5.6: (a)X-ray Absoprtion Spectroscopy of the Cu L3 edge as a function of
surface preparation. A large pre-peak, contained within the grey box, is observed
at hv = 926 eV in as-received Cu,CrO, films. Argon sputtering reduces, but
does not eliminate this peak entirely. Oxygen annealing after argon sputtering
reproduces the same prepeak. (b) X-ray photoelectron spectroscopy of Cu,CrO,
films highlighting the core level changes when the sample is argon sputtered and
annealed in oxygen. A slight increase in the peak asymmetry is noted when the
film is annealed in oxygen.

The increase in intensity of the Cu L3 edge pre-edge feature correlates with an
increase in asymmetry of the Cu 2p core level, reflecting an increase in metallicity
of the system [32]. This indicates some doping of the lattice occurs with the
increase in intensity of this pre-edge Cu L3 feature. Figure 5.5 also shows that
this feature appears in the bulk Cu L3 edge and increases in intensity in the more
conducting Cug4CrO, sample, further confirming that this feature is associated
with an increase in the conductivity of Cu,CrOs films.

A similar pre-edge feature was found to appear in the Cu L3 edge of magne-
sium doped CuCrQOy; increasing in intensity with magnesium concentration [33].

The appearance of feature is then suggested to originate due to a different copper
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electronic configuration associated with defect complexes that are generated by

magnesium substitution [33], while they natively occur in the copper deficient

Cu,CrO,.

Density Functional Theory (DFT) calculations of single point defects in Cu,CrO,
have shown that V¢, are the most readily formed intrinsic defects, while Mgc, is
the dominant defect in doped materials [34]. However, no evaluation of complex
defects such as Mgc,—Veu or Ve,—O; has been performed yet. In the related
Cuy0, it has already been shown that the formation of defect complexes readily
occurs, explaining, e.g., why Sr*? doping in CusO leads to p-type conductivity as
the p-type Srcy—Veu defect complex is more likely to form than the n-type Sre,
isolated point defect [35]. In a similar fashion, other native defect complexes
in CuCrOy could be contributing factors. The identification of their detailed
nature would require ab initio analysis of many possible combinations including

Crcu—Vaou, Ve O; and others.

Popa et al. has provided further insight into the origin of the conductivity
for non stoichiometric CuCrQO,. Unlike the XP spectra which reflects an average
composition of the sample, STEM EELS provides an elemental mapping of the
individual grains of the Cu,CrOs films: it confirms the deposited sample is com-
posed of alternative planes of Cr and Cu as would be expected for a delafossite
phase, with a clear absence of some copper rows. After thermal treatment under
argon atmosphere at 1173 K these defects are healed and the resultant samples
contain stoichiometric CuCrO, with excess Cr precipitated at grain boundaries
into CryO3 or Cr metal phases [29]. The films become more resistive after an-
nealing further promoting the concept that off stoichiometric CuCrOs has an
acceptor doping of the lattice due to the absence of copper rows. Although the
absence of copper rows prior to annealing likely provides acceptor doping of the
films, it does not confirm that the charge carriers move along the copper planes
as theorised by Popa et al. [29]. Resonant Photoemission Spectroscopy (RPES)

is both sensitive to the unoccupied Density Of States (DOS) within the valence
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band and element selective so the conduction mechanism of the charge carriers

can be analysed more in depth.

5.3.2 Electronic Structure of the Valence Band of Cu,CrO,

RPES was performed on both Cug 4CrO, and Cug2CrOs films, while resonant sep-
arately to the Cr 3d and Cu 3d states. The theoretical background of RPES as
a technique is outlined in section 3.4. Experimental confirmation of the composi-
tion of the valence band in this manner is not often performed for many materials,
due to the need for a tunable photon energy range. Theoretical modelling is the
most routine method to analyse the band structure of a given material, however
DFT calculations on the electronic structure of the delafossite CuCrO;y led to
conflicting reports on the nature of the top of the valence band: whether it is
predominately composed Cu or Cr 3d states. Chemical modulation of the valence
band proposed by Kawazoe et al. would expect the top of the valence band to
have mainly Cu 3d character, whereas it would be desirable to have mainly Cr 3d
character for better thermoelectric properties [36, 37]. Due to the fact that both
CuO and Cuy0O show much higher conductivity than CryOg3 it would be intuitive
to assume that Cu 3d states composed the valence band maximum. The first
reports from theoretical and experimental studies suggested that Cu 3d states
lay at the top of the valence band [38-40]. Reports following this have showed
that by changing the Hubbard parameter (U), it could be equally possible that
Cr 3d states compose the top of the valence band [34, 37]. For this reason, the
band structure of CuCrQO, is under debate in the literature. Experimentally for
CuCrO4:Mg films, the position of the valence band maximum as measured by
RPES showed evidence that in fact chromium states predominately compose the
top of the valence band [33]. This was also verified to hold true within this work
for Cu,CrOs films.
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Figure 5.7: The orange box in (a) indicates the region where resonant behaviour
is exhibited between 48 and 51 eV. (b) By taking the difference of the two valence
band spectra at 48 and 51 eV the partial Cr 3d unoccupied DOS can be plotted.
It appears at a binding energy of 3 eV within the valence band with a FWHM of
1.7 eV, with an photoemission intensity increase equal to 0.4 %. (c) 2D contour
plot of the valence band intensity changes across the range of excitation energies.
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Figure 5.8: The orange box in (a) indicates the region where resonant behaviour
is exhibited between 48 and 50 eV. (b) By taking the difference of the two valence
band spectra at 48 and 50 eV the partial Cr 3d unoccupied DOS can be plotted.
Peak fitting shows the sharp onset of resonance to be at a binding energy of 2.6 eV
with a FWHM equal to 1.6 €V and an increase of PES intensity is 0.4 % from
48-50 eV at 2.6 ¢V binding energy for the Cug4CrOy sample. (c) 2D contour plot
of the valence band intensity changes across the range of excitation energies.
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5.3.3 Chromium Resonance within Cu,CrO,Films

Figure 5.7 and 5.8 shows measurements for the investigated Cu,CrO, films over
the photon energy range that is resonant to a Cr 3p - 3d transition. The spectral
feature nearest the valence band maximum at a binding energy of 2.6 eV, for
the highest copper content Cu,CrO, sample, shows a resonance to this transition
between the photon energies of 48 eV and 51 eV. The intensity of this Cr 3p - 3d
resonance is broader and less intense by a factor of nearly two compared to the
Cry_,Mg,O3 film (see figure 4.5).

The Cr 3p - 3d resonance is composed of two distinct onsets for the Cugy 4CrO,
film which matches the features seen within the Cry_, Mg, O3 films (see figure 5.8).
The origin of the two separate resonant features within Cry_,Mg,O3 films was
found to originate because of the an energetic splitting of the to, and e, levels. It
would seem likely that the disordered nature and lack of long range order in the
Cu,CrO, films could lead to a breakdown of crystal field symmetry rules and the
absence of these features. However, the observation of two distinct resonances
within the Cuy4CrO, films lends further evidence to the localisation of Cr 3d
states.

However, a second resonance between an excitation energy of 44 eV and 46 eV
that exists in Cug 4CrO5 and Cry_, Mg, O3 is not seen in Cug2CrOs (see figure 5.7).

This is likely due to the resonance being of too low intensity to be detectable.

Comparison of the Chromium Resonance within Cu,CrO, and Cry,_,Mg,O3

Films

A comparison between the resonant features occurring between the photon ener-
gies of 48 eV and 51 eV seen in all chromium based p-type TCO films within this
work are plotted in figure 5.9 (¢). The chromium resonance occurs within all films
near the valence band maximum. This correlates well with the previous works
by Yokobori et al. on crystalline CuCrOs:Mg films where the top of the valence

band exhibits a strong chromium resonance around the Cr 3p-3d transition. The
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intensity change at resonance within the CuCrOy:Mg film was found to be 0.3 %,
which is approximately the magnitude of the observed intensity change in the cop-

per deficient Cu,CrO, films investigated here [33]. What is particularly striking
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Figure 5.9: (a) X-ray diffraction of the analysed samples. The top panel shows
the epitaxially grown Cry_,Mg,O3. Only the 006 reflex of the eskolaite phase is
observed. (b) The lower panel shows the data for the nanocrystalline Cu,CrOs.
To illustrate the polycrystalline nature, a symmetric #/26 measurement is com-
pared to a grazing incidence measurement. Only the strongest CuCrO, reflex can
be observed for the sample with higher copper content. Structures originating
from the substrate and/or sample holders have been marked with an . (c) Com-
parison of unoccupied partial DOS of the Cr 3d states of three films Cry_,Mg,Os3,
CUO.QCI‘OQ and CHO.4CI'OQ

is that all three differential spectra observed in the Cu,CrO, and Crs_,Mg,O3
films shows similar chromium resonant features while possessing vastly different
crystalline ordering, demonstrated with the XRD measurements in figure 5.9 (a).
As the unoccupied DOS associated with the Cr 3d states in unchanged by long
range order, it is suggested that there is a localisation of the Cr 3d states within

the CrOg octahedra.

139



Chapter 5 E. Norton

0.025 10,035

- 10.030
0.020 ]

1 0.025

0.015 :
f 4 0.020

A 0.015

PES Intensity

0.010 |

0.010

0.005 :
1 0.005

0.000 & J 0.000

8 6

Binding Energy (eV)

Figure 5.10: Valence band spectra of Cu,CrO, films over the photon energies
68-85 eV, probing the copper 3p-3d resonance of (a) Cug2CrOs (b) Cug40CrOy

5.3.4 Copper Resonance within Cu,CrQO, Films

The highest occupied states of the copper atoms will also compose the valence
band of Cu,CrO, films, which are the Cu 3d states. However no copper res-
onance is seen as shown in Fig. 5.10. Stoichiometric, crystalline CuCrOs:Mg
shows a weak resonance around the Cu 3p-3d transition, approximately a fac-
tor of four smaller than for the Cr 3p-3d resonance [33]. In contrast to these
measurements, the Cu,CrO, films are substantially copper deficient and crystal-
lographically disordered. [28]. The two charge transfer satellites at 13 eV and
15 eV corresponding to Cu™ (3d'?) and Cu*" (3d%) like initial states are not ob-
served as in CuCrO,:Mg [33]. It would be expected that reduced intensity, due to
a lower copper content, could render the Cu 3p-3d resonance and charge transfer
satellites unresolvable in these films while also being further complicated by the
delocalised nature of copper d states due to on-site 3d—4s hybridization which

introduces 4s character into the valence band. The lack of any detectable copper

140



Chapter 5 E. Norton

| CuCrO,:Mg
L Cuy,CrO,

PES Intensity

Binding Energy (eV)

Figure 5.11: Valence-band spectra of all p-type films compared at the photon
energy of 85 eV. For comparison, all spectra have been aligned to the valence-
band maximum of CuCrO9:Mg [33] to account for shifts in the Fermi level of the
different oxide films.

resonance sets an upper limit on any resonant behaviour.

This upper limit of a weak copper resonance and a strong chromium resonance
lends support to the proposed mechanism by Yokobori et al. that the ground state

of CuCrQO, is showing signs of a Cu 4s-Cr 3d charge transfer in CuCrOs films.

A qualitative comparison of the DOS of Cu,CrO; films for x= 0.2, 0.4 and
1 was made due to the absence of a copper 3p-3d resonance. DFT calculations
can model the composition of the valence band spectra. However, as mentioned
previously, some discrepancy can arise about the best parameters to model a
particular material. Experimental reports become crucial to providing qualitative

evidence for modelling material properties.

The top of the valence band in all three films at 1.5 eV is attributed to the Cr
3d states, as the position coincides with the Cr 3d partial DOS extracted from
the differential valence band PES. The spectral features of Yokobori et al. were

assigned by DFT calculations in their report with predominant oxygen p states
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lying between 4 and 8 eV. We assume the O 2p states to lie in a similar energetic

region for our Cu,CrO, films.

Comparing the spectral shape of the three Cu,CrO, films’ valence bands, the
higher the copper content in a film correlates to increase in intensity at approxi-
mately 3 eV apparent. This lies in a similar region as in the DF'T calculations for
the Cu 3d states of crystalline CuCrOy:Mg [33]. If compared to the previously in-
vestigated crystalline material, all valence-band structures are significantly broad-
ened, which is a consequence of the defective, nanocrystalline nature of the films.
Equally, the ratio between the Cr 3d and Cu 3d intensity significantly differs
from previous reports, as all films investigated here are copper deficient.

Even thought there is no copper resonance seen within the films, there is an
increase in DOS seen at a binding energy of 2.5 eV which correlates with an
increase copper content as seen in figure 5.11. This would seem to indicate that
the Cu 3d states lie below the valence band but increase the hybridisation between
the O 2p and Cr 3d states. CuCrOy is then different from other delafossites, since
electrons are strongly correlated due to the half-filled 3d states of Cr, and the Cu

3d do not compose the valence band maximum.

Conduction Mechanism

In summary, magnesium doping of CuCrO, and copper deficient Cu,CrO, films
lead to formation of some copper defect complex that improves the conductivity
of these films above stoichiometric films. The activation energy of carriers within
Cu,CrO, is approximate 65 meV [25]. However, the Cr 3d states lie at the top of
the valence band maximum. The Cu 3d states lie while below the valence maxi-
mum. If the conduction was primarily associated with the Cu 3d states the value
of the activation energy would be expected to be much larger. One possibility is
that the conduction mechanism within Cu,CrO, must be mediated by the Cr 3d
states. Another possibility for p-type metal oxides is that the activation energy is

being aritifcally lower by the presence of a large quantity of grain boundaries [41].
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Figure 5.12: (a) Images of the apparatus at each stage of the bending cycle. (b)
Schematic of one tensile strain bending cycle. The analogous compressive strain
is applied when the film is bent in a U-shape

This is certainly a possibility for Cu,CrOs but highly conductive single crystalline
magnesium doped CuCrOs retains a high conductivity leading to some doubt this

is the overall conduction mechanism of CuCrO, [33].

5.4 Low temperature deposition of Cu,CrOsupon

polyimide film

Cu,CrO, films are one of the only highly conductive p-type oxides at deposition
temperatures compatible with flexible substrates, making it a possible candidate
as a large area flexible electrode. Cu,CrO, films share a CryO3 edge sharing
network similar to RhyO3 in amorphous zinc rhodium oxide. All corundum struc-
ture compounds pocess this same edge sharing network where a third of the
chromium sites are unoccupied. These leaves oxygen octhedra “sharing” metal
atoms. This edge sharing network RhyOj3 in zinc rhodium oxide seems quite in-
sensitive to distortion in an amorphous state [12]. The nanocrystalline nature of
the Cu,CrOs films with a disordered CrOg edge sharing network could provide a

similar resilience for the films to tensile strain.
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5.4.1 Depoistion

Copper acetylacetonate (0.012 M) and chromium acetylacetonate (0.03 M) pre-
cursors were dissolved in methanol. The solution was sprayed at a rate of
1.67 ml min~!' with an air blast nozzle (PNR, model 0331) using a mixture
of compressed air/nitrogen (5 %/95 %) controlled with a mass flow controller
(Vogtlin, model red-y). The gas pressure was held constant at 17 L min~!. This
was sprayed from a distance of 30 cm above a hot plate. Two substrates were
used for this work: glass microscope sildes (Fisher brand, thickness 0.8-1 mm)
and polyimide (DuPont Kapton) film. The polyimide film rested upon micro-
scope glass slides which lay on the hot plate surface. Heater surface temperature
readings during spraying were taken using a type K thermocouple (chromel vs.
alumel) welded to the top of the hot plate. The temperature was Proportional
Integral Derivative (PID) controlled during spray conditions within 10 K. The

surface temperature at the substrate may systematically differ.

5.4.2 Mechanical Measurements

Cu,CrOy’s suitability as a large area as a flexible electrode was investigated by
measuring the change in the electrical resistance after mechanical tensile and com-
pressive strain. As the underlying substrate is insulating, the change in electrical
resistance is solely a measure of the structural changes in the conductive oxide
induced by the applied mechanical strain.

One folding cycle consists of bending the sample so that the distance between
the two electrical contacts decreases from the unfolded value, 31.5 mm. The min-
imum distance possible between the two contacts was 3.3 mm. If the edges of
the sample is bent so that the backside of the film (uncovered with Cu,CrOs)
are brought closer, a tensile strain is applied to the over layer of thin conducting
film. Figure 5.12 shows the procedure schematically, as well as photos of the

experimental setup at each stage of the bending cycle. The electrical resistance
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Figure 5.13: (a) absolute resistance change of the Cu,CrOs vs. successive tensile
strain bending cycles. The maximum applicable tensile strain of 0.8 % was used.
For comparison, similar measurements for I'TO (400 nm) is also shown to highlight
the relative stability of the p-type Cu,CrO,. Before folding the end to end length
of the ITO and CuCrO was 30 mm. At the point of maximal tensile strain, this
length was reduced to 3.3 mm. (b) change in resistance (R — R,) normalised by
the original film resistance (R,) vs. successive tensile strain bending cycles

measurements were taken whenever the sample was in the unfolded position. This
was due to a large amount of electrical noise due to the simple two wire electri-
cal measurements use to measure the change in sheet resistance. However, this
experiment was designed to montior the degradation of the Cu,CrO, film upon
polimide film after mechanical stess had been applied. The values of sheet re-
sistance were used to montior any degradation the film as this would the most
important quantity that would require to remain stable for electronic devices.

A side profile image was taken of the folded film at the maximum bending
point. ImageJ software was then used to estimate the maximum radius of cur-
vature, illustrated in figure 5.12(a). The thin oxide layers grown (80 - 400 nm)
are considerably thinner than the substrate. The neutral axis is very close to the
centre of the composite. Therefore, strain distributed to the conductive oxide is

given by:

ts + to:pide ts
2r 2r

12

(5.1)

strain =

where t, and t,.;4. are the thickness of the substrate and conductive oxide films,
respectively, and 7 is the radius of curvature [6]. The mechanical strain applied is

dependent on the substrate thickness. Therefore plotting the change in electrical

145



Chapter 5 E. Norton

resistance as a function radius of curvature after each bending cycle is not an
absolute comparison. The strain induced (calculated using equation. (5.1)) as
a function of the change in electrical resistance. Cu,CrOs as it withstood the
maximum applicable tensile strain of 0.8 %. No smaller radius of curvature could
be obtained with the given films. The only possible way to further increase strain
applied to Cu,CrOs,, and possibly reach the threshold, Cu,CrO, would need to

be deposited on much thicker substrates.

5.4.3 Tensile Strain

Figure 5.13 shows the absolute resistance (a) and normalised change in resistance
for 1200 bending cycles using the maximum tensile strain of 0.8 %. Within
the first 500 cycles the resistance of Cu,CrO, increased by 9 % and no further
changes are observed for subsequent cycles. In contrast an I'TO film measured for
comparison saw a four order of magnitude increase in electrical resistance already
within the first 100 cycles. Even though no change in electrical resistance was
observed, the high initial resistance (91.6 kQ2) of a film Cu,CrO; may mask any
structural degradation in the film. A thin film deposited on a flexible substrate
under tension will reach a threshold where channelling cracks appear which allow

partial relaxation of stress, eventually followed by buckling delamination [42].

5.4.4 Compressive Strain

Scanning Electron Microscopy (SEM) images of the Cu,CrO, film grown on poly-
imide film are shown in Fig. 5.14(d,e). The film, imaged after more than 100 cycles
was mounted mechanically bent under maximum tensile strain. By mounting the
films under tensile strain any thin channelling cracks should be exposed, however
none were observed. This indicates the threshold strain where cracking of the
film occurs has not been reached.

In contrast to the stability of the films under tensile strain, extensive com-

pressive studies could not be performed due to limitations in the set-up. The

146



Chapter 5 E. Norton

> 1000 cycles: tensile (d)\ N ycle: compressive
SO %
> ;

N

=

Q

2
.
.

@ .

=
2

.
PO
LI B ® Compressive Strain 80 nm Cu,CrOz
on Polymide film (0.08 mm)
= Tensile Strain 80 nm Cu,CrO,
on Polymide film (0.08 mm)

Tl

0 2 4 6 8 10 12 14 16 18 20
No. of Bending Cycles

,_
<
o1
[
ol

RRYR, (%)

H
=] 8
A 2
" .z
i —1
A

N
e

Figure 5.14: (a) change in resistance (R— R,) normalised by the original film re-
sistance (R,) vs successive tensile/compressive strain bending cycles. The values
for the compressive bending cycles saturate at 60 MS2 as this was the operational
limit of our electrical measurement system. The large error in the change is resis-
tance arises from the initial resistance reading is 91.6 k(2 while the electrical setup
was optimised for readings in the € range. (b,c) Scanning Electron Microscopy
(SEM) of the Cu,CrOs on polyimide film after more than 1000 bending cycles.
To expose potential cracking of the film the sample was mounted under maxi-
mum applicable tension; (d) Large scale SEM image of Cu,CrO; on polyimide
film after a single compressive strain cycle; (e) Magnified SEM image of a crack
seen in (d).

compressive strain applied to the film relies on adheres of the oxide overlayer
to the underlying substrae. However films that underwent manual compressive
strain cycles (bending the sample down in a U-shape) showed large changes in
electrical resistance, as shown in Fig. 5.14 (c). Subsequent SEM images show
channelling cracks of the films treated this way (see figure 5.14). A small scale
image of a single crack (figure 5.13 (g)) shows the film has buckled upwards, in-
dicative of a delamination of the TCO layer leading to subsequent cracking of
the film. Delamination of the film would be indicative of poor adherence of the
Cu,CrO;y film to the underlying substrate. This could be improved by the de-
position of a seeding layer upon the polyimide film prior to the growth of the

Cu,CrO, films [43].

5.4.5 Optical Properties upon Flexible Substrates

Figure 5.15 shows the optical transmittance and reflectance of the Cu,CrO, films

grown upon polyimide film. The bare polyimide film itself absorbs strongly above
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a photon energy of 2.5 eV. The Cu,CrO,, grown with thickness 80 nm, does not

detrimentally effect the transmittance when grown upon the bare polyimide film.
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Figure 5.15: Ultra Violet-Visible Spectroscopy of Cu,CrO, grown upon poly-
imide film. The dotted line denotes the transmission spectra of bare kapton and
CuCrO4 upon kapton. The solid line denotes the reflectance spectra.

5.5 Summary

To summarise, Cu,CrOs has been deposited upon flexible substrates. Cu,CrOq
does not have any long range crystalline order above the nanoscale, which many
oxides need for good electrical conductivity. In the films, O-Cu-O planes are
ordered within 8-15 nm grains and the CrOg edge shared network is disordered.
The films grown on polyimide film film have an electrical conductivity of 6 S cm™*
which does not significantly degrade when put under tension that causes signif-
icant degradation of ITO films. This work confirms that the nanocrystalline
Cu,CrO, is resilient to tensile strain below 0.8 %. This indicates it could be a
potential candidate for large flexible electronics.

The next logical step would be to map the band alignment of Cu,CrO, films
within test devices but the lack of in-situ preparation methods by spray pyrolysis
hinders that. It has been previously reported that band offset measurements can

be made to give an indication of the alignment of oxide interfaces when samples
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cannot be prepared in-situ. However, the deficient nature of the films gives rise
to some surface states, as outlined in section 5.3.1, which does not reflect the bulk
state of the film. The disorder that is introduced by argon sputtering is likely to
also alter the work function so it does not reflect the bulk properties of the film.
As XPS is a surface sensitive technique it is best to characterise the incorporation

of Cu,CrO, within electronic devices by alternative methods [44].
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Chapter 6

Conclusions and Outlook

This thesis has focused generally on studying the properties of two novel p-type
TCOs: Cry_,Mg,0O3 and Cu,CrOy. Within this body of work there have been
two main focuses: the first was to investigate the fundamental physics behind
the mobility of charge carriers within these two chromium based p-type transpar-
ent conducting oxides. The mobility within both oxides was not quantifiable by
Hall effect technique. This in itself is not remarkable but a more general trend
within the literature was observed, that chromium containing oxides all had an
immeasurable mobility by DC Hall effect [1, 2]. Resonant Photoemission Spec-
troscopy (RPES) carried out on Cry_,Mg,O3 and Cu,CrOs films could locate the
position of the unoccupied density of states (holes) within the valence band and
the elemental states they were correlated to. The position of the charge carriers
associated with the Cr 3d states, determined by RPES, show striking similarity
to one another (figure 6.1 (b)). As the Cu,CrOy and Cry_,Mg,O3 films differed
significantly in long range crystalline order (see figure 6.1 (a)) the similarity in
the Cr 3d states suggests the localisation of the holes. This correlates well with
the previous works on crystalline CuCrOy:Mg films where the top of the valence

band exhibited a strong chromium resonance around the Cr 3p-3d transition.

Even thought there is no copper resonance seen within the films so the precise
location of the Cu 3d states could be verified, there is an increase in DOS with

increasing copper content in Cu,CrO, films below the valence band maximum.
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Figure 6.1: (a) and (b) X-ray diffraction of the analysed Cu,CrO, and
Cry_,Mg,O3 films. (c¢) Comparison of Cr 3d partial density of states (PDOS)
within three films Cry_,Mg, O3, CugoCrOs and Cug4CrO,

This valence band maximum of these films is composed of the Cr 3d states. This
would seem to indicate that the Cu 3d states lie below the valence band but
increase the hybridisation between the O 2p and Cr 3d states.

It appears then that CuCrO; is then different from other delafossites, since
charge carriers are strongly correlated due to the half-filled 3d states of chromium.
More generally chromium containing p-type oxides will have highly localised car-
riers within the Cr 3d states.

Even though both chromium based oxides have an immeasurable Hall effect
voltage (low mobility) there are many applications where this does not limit
the use of p-type TCOs. Due to the rarity of these materials they are hence
investigated in prototype devices where mobility is not a concern. This is the
second main focus of this thesis.

One of these applications is a selective contact within thin film solar cells.
In organic solar cells the anode ITO has poor band alignment to current organic

active layers. To improve the extraction of holes from the cell a high work function
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p-type oxide is often placed between the anode and active layer. The valence band
and conduction band offset between I'TO and a p-type oxide will govern largely
how effective the p-type material is as a selective contact. Therefore, instead of
incorporating Cry_,. Mg, O3 into active devices as a selective contact, the energy
band alignment of Cry_,Mg,O3 was performed with I'TO. Theoretically the band
alignment of ITO-Cry_,Mg,O3 can be predicted by Anderson’s rule. The result
of using Anderson’s rule to align this interface can be seen from figure 6.2 (a).
It produced a very stark difference to the experimentally determined values in
figure 6.2(b). This is because Anderson’s rule ignores the chemical bonding and
surface states that may be created by bringing two surfaces into contact. The
experimentally determined Type II band alignment of Cry74Mgy 2403 and ITO
with a relatively large conduction band offset would indicate it could be used
as an selective in solar cells. However, the alignment of the p-type oxide to the
active layers themselves within the solar cells would also have to be considered.
Nevertheless the future outlook of this thesis would be seek the incorporation of
Cry_,Mg,O3 as a selective contact in solar cells where ITO is being used as the

anode but has poor alignment to the active layer.
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Figure 6.2: (a) Energy band diagram predicted by common anion rule. (b)
Experimentally determined energy band diagram. The work function for ITO
and Cry76Mgg 2403 were assumed to be the same values as determined for the
energy band alignment studies by UPS. E. = conduction band minimum, F, =
valance band maximum, E, = fundamental band gap, WF= workfunction, AE,;,
= valance band offset , AE. = conduction band offset, Fermi level is denoted by
the green line
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Another application explored was the use of Cro_,Mg,O3 within transparent
rectifying diodes. A report by Arca et al. reported that Cry_,Ni, O3 and alu-
minium doped ZnO (AZO) did not show rectifying behaviour due to the high
carrier density of both Cry_,Ni,O3 and AZO [3]. By lowering the carrier con-
centration using intrinsically doped zinc oxide it was theorised a larger built in
potential could be created, producing rectifying behaviour. Unfortunately com-
plications with retaining the electrical conductivity of intrinsic ZnO when de-
positing Cry_,Mg,O3 via MBE occurred. The p-type Cry_,Mg,O3 films had to
be deposited at room temperature upon ZnO. Nevertheless, rectifying behaviour
between ZnO and Cry_, Mg, O3 was observed. The diode produced an on/off ratio
of & 10 determined at a bias voltage 1.5/-1.5V at 300 K. This is not compet-
itive with the NiO/ZnO diode which showed high rectification on/off ratios of
10°. The Cry_,Mg,03-ZnO diodes has a rather high ideality factor of between
seven and thirteen depending on the temperature that the IV characteristics
were measured at. The energy band alignment of the two surfaces of ZnO and
Cry_,Mg, O3 indicated defect states are present at the interface: this is likely the

source of such high ideality factors for the diodes.

The outlook for this work will be to explore the deposition of the Cry_, Mg, O3-
7m0 stack reversed, i.e, the p-type layer will be deposited first. The ZnO films
can be annealed in a nitrogen atmosphere after the deposition of the n-type layer
upon Cry_,Mg,O3. For these studies the effects of nitrogen annealing upon the
Cry_,Mg, O3 layer will have to be investigated. Also the in-situ transfer of samples
between the magnetron sputtering system and XPS will have to be developed so

the interface properties by band alignment can be investigated.

The future outlook of this thesis would also include characterising the optical
response of the Cry_,Mg,03-Zn0O diodes as ZnO has a wide direct band gap of
3.3 eV and with a large exciton binding energy of 60 meV, (larger than Gallium
Nitride). These features make it a promising candidate for applications using

blue and ultraviolet light sources, such as UV detectors [4].
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Due to the difficulty in retaining conductivity of ZnO films under the opti-
mum growth condition for p-type oxides it could likely be more fruitful to seek
an alternative intrinsic n-type TCO. As indicated by the Type II band alignment
of ITO-Cry_,Mg,0Os3, In,O3 may be a possible alternative which could withstand
higher deposition temperatures and produce a less defect interface, possibly in-
creasing the ideality factor of the diodes.

Finally, the resilience of Cu,CrO, to mechanical strain was investigated. In
spite of the prevalence of TCOs within electronic devices it has been a passive
layer until the development of the n-type TCO, Indium Gallium Zinc Oxide
(IGZO). The high mobility that could be achieved at room temperature is the
reason it is competitive with amorphous silicon as an active layer in flat screen
displays [5]. In contrast, p-type oxides have extremely high deposition tempera-
tures which as seen from above can be problematic. The analogous amorphous
p-type TCO: Rhodium Zinc Oxide has very low conductivity so is not appropri-
ate for many industrial applications. The relatively low deposition temperature
of Cu,CrO, films made it compatible with growth on polyimide films. The lack
of long range order the material required to retain electrical conductivity and
the fact that it shares a CrOg edge sharing network similar to that of the RhOg4
network in amorphous Zinc Rhodium Oxide meant it withstand the maximum
applicable tensile strain of 0.8 %. If the thickness of the flexible substrate on
which the films were deposited was increased the maximum application stress
could also be increased further to reach the threshold at which the films would

break but the initial results are very promising as a large area flexible electrode.
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Appendix A

Energy Band Alignment: Lineshape of

Core Levels

A.1 Cry ,Mg,0O3 - ITO Interface

0.75 4
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Normalised Intensity

0.25 4

Binding Energy (eV)

Figure A.1: Line shape of the Cr 3p core level across the I'TO-Cry 74Mgg 2403
interface.

The lineshape of the core levels for Cry7sMgp2403 and ITO are plotted in
Figures A.1 & itolineshapechanges. As mentioned within the main text, it is
cruical to evaluate the change in lineshape as the film is deposited upon the

substrate.
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Figure A.2: Line shape of the In 3ds/, core level across the ITO-Cry.76Mgg.2403
interface.

For the Figure A.1 the peak center of each Cr 3p core level was shifted to the
reference binding of the bulk 30 nm Cr 3p core level binding energy of 43.00 eV. All
core levels were area normalised. No changes in FWHM or additional components
are observed.

For the Figure A.2 the peak center of In 3ds/, core level was shifted to the
reference binding of the 90 nm In 3ds,, core level binding energy of 444.80 eV.
All core levels were area normalised. After deposition of 4Aof Cr1.76Mgp.2403a
reduction in In;; component is seen. No further changes in FWHM or additional

components are observed.
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A.2 Cry ,Mg,0O3 - ZnO Interface
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Figure A.3: Line shape of the Zn 2ps/, core level across the ZnO-Cry goMgp.1803
interface.
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Figure A.4: Line shape of the Cr 3p core level across the ZnO-Cry goMgg 1803
interface.

In Figure A.3, the peak centre of each core level was shifted to the reference
binding of the 100 nm Zn 2ps/, core level binding energy of 1022 eV. All core
levels were area normalised and in Figure A.4, the peak center of the Cr 3p

was shifted to the reference binding of the bulk 30 nm Cr 3p core level binding
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energy of 43.00 eV. All core levels were area normalised. No changes in FWHM

or additional components are observed.
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Fundamental Band Gap of Cry0;

The magnitude of the fundamental band gap was crucial to properly under-
stand the CBO offsets that occur between n-type TCOs and p-type CryO3 and
Cry_,Mg,O3. Density functional theory calculations were performed by Glenn
Moynihan under the supervision of Prof. David O’Reagan. U was calculated

from first-principles, the methodology of which is outlined below.

B.1 First Principles Method of Solving for the

Hubbard Parameter of Cr,0;

Spin-polarised density-functional theory (DFT) calculations are performed in
the linear-scaling ONETEP package [1, 2] with a Local Density Approximation
(LDA) [3] for the exchange-correlation functional, and the projector-augmented
wave (PAW) method [4] to treat the core states.

The kinetic energy cutoff is 1100 eV and the cutoff radius for the support
functions, given by non-orthogonal generalised Wannier functions (NGWEs) [5],
is 12 ag such that total energetic convergence is achieved to within 2 x 10~ Ha
per atom. A 3x3x2 supercell is utilised with Brillouin zone with sampling at the
[-point.

The non-self-consistent U and J values for chromia are computed according

to the variational linear response method described in [6](unpublished), which is
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adapted from the method by Cococcioni and De Gironcoli [7].

To compute the U and J, a uniform potential shift « is applied to the 3d
orbitals in one Cr atom in the crystal and varied between 0.2 eV in intervals of

0.1 eV.

The computed Hubbard parameter is U=2.8+0.1 €V, and the corresponding
Hund’s exchange parameter is J = 0.435 = 0.004 eV, which, to our knowledge,
is the first time these have been computed for chromia from a linear-response

approach and compare reasonably well with previous values [8-10].

The parameters were then used within the rotationally invariant DFT+U [7]
and DFT+U+J [12] malfunction applied to all Cr atoms, where the Hubbard

projectors are defined as the occupied Kohn-Sham Cr 3d orbitals.

The band gap for the DFT+U calculation is 2.10 €V and the magnetic moment
is 2.56 uB (see Figure B.1), which are significant improvements on the DFT (PBE)

values of 2.27 eV and 2.30 uB, respectively.

The band gap for the DFT4+U+J calculation is 2.06 eV and the magnetic
moment is 2.59 uB, which present a marginal difference compared to the DET+U

results, see Figure B.2.

The density of states (DOS) of both calculations were then calculated with
a Gaussian smearing of 0.29 eV, this to compare the XPS valence band spectral

features which are limited by an experimental resolution limit of FWHM=0.58 eV

The constituent states of the valence band from -1.5 eV up to the Fermi level
are, on average, 70% Cr and 30% O, whereas the conduction band is composed
of 80% Cr and 20% O up to 4 €V above the Fermi level, which confirms the
Mott-Hubbard character [10].
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Density Functional Theory + U
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Figure B.1: Occupied and unoccupied density of states for CryO3 calculated
using density functional theory + U, where the value of the Hubbard parameter
has been determined from first principles to be 2.84+0.1 eV
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Figure B.2: Occupied and unoccupied density of states for CryO3 calculated
using density functional theory + U, J, the addition of the J does not change the
projection of the density of states but gives a better agreement with the expected
experimental value for the magnetic moment for CryO3
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Experimental Observation of the Occupied Density States and Joint
Density of States

Occupied Density of States Joint Density of States
XPS Valence Band Absorption coefficient, a (cm™)
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Figure B.3: The two films, CroOsand Cry 78Mgg 2203, were grown at a deposition
temperature of 873 K upon Al;O3(0001). The valence band was measured via
XPS. The absorption coefficent was calculated from Reflectance and Transmission
spectra from UV-Vis. The thickness of the films was measured by XRR.

B.2 Comparison with Experimentally Observed

Band Gap

When the Guassian smearing is applied to the as calculated occupied density of
states in Figures B.1 and B.2, a comparison with high resolution XP spectra of
the valence band shows similar features are resolved experimentally.

The absorption coefficient of CroO3 and Cry 76Mgg 2403 films has been calcu-

lated by the following relation:

a = w (B.1)

where T’ is the transmittance, R is the reflectance and t is the thickness of the thin
film being analysed. The thickness of a thin film was measured precisely by X-

ray Reflectivity (XRR). The shape of the calculated unoccupied density of states
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does not match the absorption coefficient, which is not surprising as the DFT
calculation would have to incoporate a weighing to optically allowed transitions
to get a better match the optical features. However, what is notable is the
magnitude of band gap calculated matched the onset of first sub band gap optical
transition. This lends further evidence to the magnitude of the fundamental gap
between the conduction and valence bands is less than the optical band gap of

3.4 eV.
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