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Summary

In the present thesis deposition and characterization of transparent
conducting oxides (TCOs) have been explored. The coexistence of
transparency and conductivity in a material is often regarded as an unusual
property, since transparent materials are most likely to be insulating while
conductive materials are generally quite absorbing. This remarkable
property can be easily achieved in wide band gap semiconductors, for which
a band gap higher than 3 eV ensures transparency to the visible light while
conductivity can be induced by doping, either intrinsic or extrinsic. Among
the TCOs, n-type doping has been so far the most successful. In;O3:Sn,
SnO,:F and ZnO:Al are the most commonly used n-type TCOs in
commercial devices. These materials have been studied, at least, for the past
50 years, both from the theoretical and applicative point of view, therefore
their performance have been rather optimized. On the other hand, p-type
TCOs are much more recently developed and their performance are much
lower than their n-type counterpart. In particular, new and improved
materials are required. The ultimate goal of the present thesis was to
develop a new p-type transparent conductive oxide with comparable or
improved performance with respect to those reported in literature. In order
to do that, screening for material composition and deposition conditions was
required. This could be performed by using spray pyrolysis, a flexible and
versatile deposition technique. An in house system was built up for this
purpose, with the aim of allowing high throughput. However this implies
that material with lower quality than those produced by more sophisticated
techniques such as sputtering or chemical vapour deposition would be
produce. Therefore, it was necessary to assess the limit in the performance
achievable with this particular set up for known materials. The abundant
literature production available for ZnO:Al and SnO;:F made them a suitable
case study for this purpose. This offers, at the same time, the opportunity to
study the effect of different deposition conditions and in particular the role
of chemical processes on the properties of deposited films. The first system
to be studied was ZnO and ZnO:Al. A direct correlation between the solvent

used for the deposition and the texturing of the deposited ZnO was



determined. Morphology as well as optical and electrical properties were
correlated to the decomposition pathway of both solvents and salts. At the
same time, the dependence of structural and optical properties upon
concentration of Al were studied. In particular a decrease in the refractive
index of the material was observed as a consequence of increasing Al
concentration. At the same time, a progressive destruction of the long range
crystalline order was observed, and, as a result, the material was
progressively getting x-ray amorphous. According to the simulation
performed by Dr.Karsten Fleischer this material is suitable as internal anti-
reflecting layer to minimize the optical loss due to refractive index
mismatch at the glass/TCOs interface in solar cells. This study on ZnO:Al
allowed determination of the optimum deposition conditions which were
than used to test a new fluorine precursor, benzenesulfonyl fluoride, for the
deposition of SnO,:F. Finally, the deposition of a new p-type TCO was
attempted. In order to do that Cr,O3 was chosen as a suitable candidate.
Both cation and anion doping was performed. The role of the cation was to
improve the electrical properties while the role of the anion was to improve
the optical properties by modifying the band structure, in particular the top
of the valence band. Mg was the most effective cation dopant while N was
used as anion dopant. The effect of the different deposition conditions, in
particular the role of the salts and of the chemical additives (acids) was
studied and a correlation was found between them and the electrical
properties. The effect of the nitrogen on both optical and structural
properties was investigated. To this end, undoped Cr,O3; was deposit by both
PLD and MBE, with the aim of comparing the properties of high quality
epitaxial films with respect the polycrystalline films grown by spray
pyrolysis. Ellipsometric analysis was performed on the epitaxial films and
the dielectric function was determined. Significant difference was found
between the two. Following the absorption coefficient was compared with
respect to that extracted fromtransmission measurements on undoped and
nitrogen doped Cr,0s. The absorption coefficient of the films deposited by
PLD coincide with that extracted for undoped Cr,Os; deposited spray
pyrolysis, whilethat of the films deposited by MBE is close to that of N-
doped films. An attempt to explain these finds has been given.
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after the first thermal cycle for different Mg:Cr ratios: (—)3:97, (—)5:95,
(—) 8:92 . The peaks relative to the MgCr,04 are indicated with a square.

Figure 5.18 Comparison between two samples grown by using
different laser fluency. On the left the sample grown by using a fluency of
1J/em?2 has a rms surface roughness of 8 nm while on the right the sample
grown by using a fluency of 0.3 J/cm2 has a surface rms roughness of 5 nm

Figure 5.19 On the left: the out of plane XRD scan of a Cr;0; film
grown on sapphire (—). The substrate pattern is given as a reference (—).
The symbol m indicate a peak coming from the Ag paint used to load the
substrate in the PLD deposition holder. On the right: the in plane scan of
Cr,0; showing both the substrate and the epilayer reflexes at the same y
angle: (—) y=0, (—) y=120 and (—) y=240

Figure 5.20 Out of plane XRD patterns of Cr,O3:Mg samples (—). A
pattern relative to the bare substrate (Al,O3) is reported for comparison (—).
On the left, the sample with x=0.05 shows only the peaks attributed to the
Cr;0;3 phase. On the right, the sample with x=0.08 show a secondary phase,
magnesium dichromate.

Figure 5.21 Mg concentration incorporated in the deposited film with
respect to the relative target composition. Determinationhasbeencarried out
by XPS measurements.

Figure 5.2 Comparison between the n and k as determined from the
point to point calculation (—) with the dispersion as determined from the
model (—) for a sample grown by MBE.

Figure 5.3 Comparison between the k values as derived from a fitting
procedure which includes (--) the transmission measurements with respect
to the same derived from a fitting routine based only on the SE data (—). It

is worth noting that the absorption coefficient as determined from



transmission measurements (—) is quite different in comparison to that
determined from ellipsometric measurements (—).

Figure 5.24 XRD pattern of (—) under-stoichiometric and (—)
stoichiometric Cr,O3 grown by MBE. The difference in stoichiometry has
only marginal effect on the optical properties (n,k) as determined by
spectroscopic ellipsometry

Figure 5.25 On the left. The n, k dispersion as determined for
undoped Cr,0;3 grown by (—) MBE and (—)PLD. On the right, the n and k
determined of undoped (—) and Mg doped (0.03, —; 0.05, —) grown by
PLD

Figure 5.26 Comparison between the absorption coefficients
calculated from transmission measurements for (—) undoped and (—)
nitrogen doped Cr,O3 grown by spray pyrolysis, transmission measurement
for an undoped samples grown by MBE (—)and the absorption coefficient
calculated from the extinction coefficient for (—) PLD grown samples. The
error bars are representative of the scattering between different samples
grown with the same technique.

Figure A.1. Band structure calculation of undoped Cr,0;
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Chapter 1

Introduction



1.1. Transparent conducting oxide: an

overview

Transparent conducting oxides (TCO) are a particular category of oxides
material able to transmit visible light and at the same time able to conduct
electricity. Due to their unique features, this class of materials is becoming
increasingly important as critical components of a variety of thin film
technologies such as smart windows, flat panel displays, solar cells and light
emitting diodes (LEDs)''’. This is mainly due to the coexistence of both
high transparency to light in the visible region and degenerate conductivity,
with values close to those of metals'. Tuning of these properties is needed in
order to adapt the performance of these materials to the requirements of the
technologies in which they have to be implemented®. In solar cell modules,
TCOs play manifold roles since they can be used as front contacts, back
reflectors and intermediate reflectors''. They also play a crucial role with
respect to the production cost of the module: depending on the composition
of the TCO and on the material which the absorbing layer is made of, their
cost represents 10 to 30% of the entire cost of the cells. It easy to understand
that either improving their performance or reducing their cost can contribute
to reducing the overall cost of the photovoltaic device.

Nowadays most of the TCO used are n-type and they are mostly used as
passive layer in optoelectronic devices*'*"3. The most commonly used are
indium tin oxide (ITO), fluorinated tin oxide (FTO) and aluminium zinc
oxide (AZO)>*®. The success of these materials lies on the compromise
between transparency above 85% in the visible range and conductivity
reaching 10* S/cm. 2. Widespread use of ITO has to be limited to the flat
panel display technology due to its high cost (the price of indium in 2008
was $685/kg)>"*. Indium is a rare element, whose production is connected to
that of zinc, as it is extracted as an impurity of the latter’. As a result, even
an increase in the indium production cannot fulfil the requirement for an up-

scaling of the PV-market. Many materials have been recently suggested as



an alternative to ITO"”. Among the oxides, FTO and AZO have been studied
for over 30 years as an alternative for ITO. Although the basic physical
properties of transparent conducting oxides are known, there are still a
number of questions to be answered. In particular a deep understanding of
the fundamental opto-electronic properties of these materials and how they
relate to the deposition parameters is still required®'*'7. A deep
understanding of physical and chemical properties of the already existing
material will help the design of new material and the design of the
deposition route to obtain them™'”. In fact, there is a continuous requirement
for new materials with optimized properties to fulfil the requirements
dictated by the technological progress'>'"1? " Together with high
transparency and conductivity, certain specific properties such as work
function, surface roughness, thermal and chemical stability, possibility of
easily patterning, flexibility, are starting to be required to satisfy the
emerging application. Additionally increasing importance is given to green
processing and usage of green materials™'>%.

n-type TCOs are mostly used for passive application'?. Device
applications have been limited so far by the lack of p-type TCOs. The
challenge of getting a p-type TCO was first overcome in 1997 when, for the
first time, a p-type transparent conductivity oxide thin film was reported2'.
The interest in these materials is quite high, since their discovery opened up
the possibility of using TCOs as active layers in the so-called invisible
circuit?. This provides the possibility of fabricated devices such as blue or
ultra-violet (UV) lights emitting diodesand the possibility of making fully
transparent optoelectronics devices (transparent electronics), where the main
core of the device is represented by a transparent p-n junctionl’lz.Regarding
solar cell technology, some of these materials, in particular transition metal
oxides such as NiO and Cr;0;, have been implemented as hole injecting

2327 Also for this application, besides good transparency and

layers
conductivity, other properties such as morphology and most importantly the
work function are essential for the fabrication of good performing
devices?™?. Fabrication of such devices is currently limited to laboratory

scale as either the performances of p-type TCOs reported so far are too poor



for any possible implementation into a commercial device or the growth
process is incompatible with the industrial requirements.

From the industrial point of view, TCOs are deposited by spray method,
chemical vapour deposition (CVD) methods or sputtering. For these
techniques an up-scaling from laboratory to industrial scaling is already a
reality. However on a laboratory scale, a number of other techniques are
also available. Among those pulsed laser deposition and sol-gel method

deserve to be mentioned.

1.2. Outline of this thesis

The final aim of this thesis was the synthesis of new transparent
conducting oxide with optimized properties for different applications. TCOs
can be implemented in many different devices, each of which will require a
fine tuning of particular properties. In this thesis tuning of TCOs properties
was done with respect to their implementation in solar cells, although other
technologies could benefit from the same material. The physical fundaments
of TCOs will be briefly outlined in Chapter 2. Since the ultimate goal was
the deposition of new material, a technique able to deliver a high throughput
and fast screening of material composition and deposition condition was
required. Spray pyrolysis can fulfil these requirements. However the
properties of the film deposited are on average lower than those grown by
using more sophisticated techniques. In this case, for selected materials,
deposition was carried out by means of pulsed laser deposition (PLD).
Details of both techniques will be given in Chapter 3. At the beginning it
was necessary to understand how the different deposition parameters could
be used to fine-tune the optoelectronic properties of the deposited TCO. In
order to do that it was necessary to use well known TCOs such as Al:ZnO
(AZO) and fluorinated tin oxide (FTO), as, in this way, the experimental
results could be compared with the wide literature available for this
material. At the same time it was possible to address some of the
technological issues related to the implementation of these two materials in

the solar cell technology. Focus was addressed to improve the light



transmission inside the solar cell by modifying the dielectric function of the
TCO in order to use it as an anti-reflecting coating. Effort was also put on
trying to replace toxic chemicals in the production line of FTO. In particular
the possibility of using benzenesulfonyl fluorideas fluorine sourcewas
explored since, at the time when the study was performed, it was classified
as a non-toxic chemical. Details of these studies will be reported in Chapter
4.

Once the limit and the key-aspects of the spray pyrolysis technique were
understood, the challenge was then the deposition of new TCOs. The
category of p-type conductor was found to be the most attractive. Chromium
oxide (Cr,03) was found as a suitable candidate and by means of co-doping
with magnesium and nitrogen, a new p-type TCO could be formed
(Cr,03:(Mg, N)). It was clear however that spray-pyrolysis was not the best
technique to fully explore the potential of this new material due to some
intrinsic limit in the technique itself and in the apparatus used. Therefore a
more sophisticated technique, PLD, was used to deposit this material.

Details of these studies will be described in Chapter 5.
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Chapter 2

Fundamental properties of

transparent conductive oxide



2.1. Coexistence of optical transparency
and electrical conductivity: the band

structures of a TCO

The coexistence of high transparency (>80%) of visible light and
resistance as low as few ohms (resistivities in the order of 10*-10°Qcm) is
the distinguishing feature of transparent conducting oxides. These two
properties are usually considered incompatible as transparent materials are
most likely to be insulating and on the other hand, conductive materials such
as metals, even in thin layers are quite absorbing. The simultaneous
coexistence of these two physical properties can instead be found in some
wide band gap semiconductors, in particular oxides, as a result of a defined
band structure'?.

Transparency is a consequence of the wide band gap as the distance
between the top of the valence band and the bottom of the conduction band
is higher than 3 eV. For most of the commercially employed TCOs, the top
of the valence band is formed primarily by the oxygen 2p levels while the
bottom of the conduction band is formed by highly dispersed s-/ike states of
the metal, and in first approximation both bands are parabolic. In many of
these oxides, the O, levels are rather localized; therefore the holes effective
mass is quite large and the valence band maximum (VBM) lies quite deep.
This determines both a small hole mobility and difficulties in the hole
hopping'?. The s-like metal orbitals instead are spatially extended and
spherical with good overlaps between neighboring cation'~although it was
recently proposed that the oxygen component of the molecular orbital may
play an important role in forming the network pathway for the electrons'.
Either way small electron effective mass is obtained for n-type TCO (0.23-
0.35m., where m. is the free electron mass)s. For most of the TCOs the
shape of the bottom of the conduction band and the top of the valence band
is approximated to be parabolic. This first order approximation is not always

correct and sometimes more complex band structure needs to be
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considered®. The shape and position of both the valence and conduction
band are of primary importance in determining the optical and electrical
properties as it will be outlined in the following sections. In perfectly
stoichiometric oxide, the Fermi level lies in the middle of the band gap and
the system is insulating (Figure 2.1). However native defects (such as non-
stoichiometry) or intentional doping can create populated states closer to the
bottom of conduction band (donor) or empty states closer to the top of the
valence band (acceptor) moving the Fermi level towards the conduction
band or towards the valence band respectively. Donors, whose electrons and
binding energy can be described and calculated by the effective mass
approximation are known as shallow, otherwise are known as deep centers.”
Usually for shaliow donors the energy separation (ionization energy)
between the donor with respect to the conduction band minimum or the
acceptor with respect to the valence band maximum is lower than the
thermal energy at room temperature, thus these narrow states are ionized
and they create charged carriers. If it is unlikely to be ionized at room
temperature, then it is called deep®. In the first case an n-type or a p-type

transparent conductor is formed.
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Figure 2.1 An idealized representation of a semiconductor with both top of

the valence band and bottom of the conduction band parabolic.

For low doping level the material behaves as a semiconductor and the

carrier can be thermally activated up to the saturation region. For



temperatures higher than this, the oxide behaves as an intrinsic
semiconductor. In the activation region, information about the ionization

energy can be extracted’ (Figure 2.2)
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Figure 2.2 The electron density as a function of temperature. 3 different
regions are identifiable: the freeze-out region, the extrinsic region and the intrinsic

region. Taken from ref.9

An example of doping is schematically shown in Figure 2.3 for the
case of InyOs. In its perfectly stoichiometric form, this oxide will be
insulating, however, different native defects, such as oxygen vacancies (V,)
or the presence of donors, such as tin atoms, can create donor levels close to
the bottom of the conduction band. In this case, the Fermi level will lie
below the CBM and the material will show a semiconducting behavior, as
the carrier will have an activation energy, which in principle, is the energy
necessary to promote the electrons from the donor level to the conduction
band (ionization energy, 0.03eV for this particular example). As the donor
(acceptor) density increases, their states can either merge together (impurity
band) or merge with the conduction or valence band'® (Figure 2.3). In this
case, no energy is necessary to promote the carriers and the bottom of the
conduction will be populated, thus the material will show a metallic
behavior. The donor density at which the donor states merge with the

conduction band is defined by the Mott criterion''(Eq.2.1):
q
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Where the effective Bohr radius a, is given by Eq. 2.2:

. hee"

a, = 2.2

re'm.
Where ¢,is the permittivity of the free space, &£” is the dielectric

constant of the host lattice, m is the effective mass of the carriers. Once the

critical density of impurity is reached, free electron behavior is expected for

the conduction electrons and the material is said to be degenerate.
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Figure 2.3 A schematic representation of impurity doping for the case of
Indium Tin Oxide (ITO). Taken from ref. 10

The criterion to define a system to be degenerate is quite arbitrary
since there is a smooth transition between non-degeneracy and degeneracy.
Such transition is a simultaneous function of the material characteristics (the
Bohr radius of the electron at the impurity center varies depending on the
properties of the host oxide), number of impurities center and temperature.
It is commonly accepted to define as degenerate, a system which needs to be
treated by using the Fermi-Dirac distribution and which cannot be
approximated by the Boltzmann distribution. At the same time when the

Boltzmann distribution is a good approximation for describing the
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properties of the system, in particular the electrical properties, the system is
considered not degenerate.

Degeneracy has 2 main consequences on the optical properties, that’s
to say the “band gap opening” due to Burstein Moss effect and the
appearance of a Drude-like tail in the infrared part of the spectra. Details of
these two processes will be given in section 2.3. It has also important
consequences on the electrical properties, with the thermal activation energy
for the carriers reduced to zero. This is only the first example which proves
the intimate interconnection between optical and electrical properties in
TCOs. A careful investigation of both is thus required in order to assess the

quality of a material as a TCO.

2.2. Electrical properties.

The easiest method to evaluate the electrical properties of an oxide is
by simply determining its resistance via Ohm’s law (Eq. 2.3):

V=IR 2.3

Usually, for thin films, the sheet resistance is measured, which is

defined as in Eq. 2.4
V
R =7CF (Q/o) 2.4

Where CF is a correction factor which depends on the geometry of
the four point probe used for the measurements’.

The sheet resistance is dependent on the film thickness, so in order to
compare different material it is more convenient to use the resistivity or the
conductivity values, which depend only on the material properties, namely
the carrier concentration and the mobility. (Eq.2.5)

o=1/p=e(nu,+n,u, 25

whereais the conductivity, p the resistivity, ¢ the drift mobility, » the
carrier concentration, e the electron charge, the subscript e stands for
electrons while the 4 stands for holes. If the number of electrons is

considerably higher than the number of holes (n.>>n;) as in n-type
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semiconductors, the conductivity is determined by the majority carriers (Eq.
2.6).

o=1/p~e(n,u, 2.6

The drift mobilityu is defined as the proportionality constant between

the drift velocity (v,) of the carriers under an applied electric field and the

strength of the electric field itself (£) (Eq.2.7).
vd = _:LleE 2.7

However the conductivity is not a linear function of the carrier
concentration as the mobility itself varies with the carrier concentrations as
well as they both depend on temperature'*"”.

The dependence of the conductivity with temperature is a precious
information in order to study the properties of a material. As introduced
earlier, degenerate semiconductors show no activation energy, and quite
often, a metallic behavior, in other words the conductivity decreases as the

temperature increases. Non-degenerate semiconductors show an activated
conductivity, with a dependence of the form reported in Eq. 2.8:

o =0,exp—(Z,/T)" 2.8

The exponent n will vary depending on the type of conductivity.
When #n=1/4, the conductivity is known as variable range hopping and the
carrier motion is considered to be a mix of thermally activated hopping and
carrier tunneling from site to site. When strong interaction of the carriers
with the lattice causes local distortions, the effective inertia of the carriers is
increased and the mechanism is known as polaron conductivity'*.

When n=1, the semiconductor exhibit band conductivity, which, for
perfect crystal, gives information about the activation energy of a carrier to
be excited from a defect to the band. In this classical band conduction the
number of carrier varies exponentially with temperature, while the carrier
mobility is less sensitive to the temperature'. The latter is however very
important as its dependence on temperature gives information about the
scattering mechanism which limits the carriers drift. To keep the discussion
as simple as possible, the case of an n-type conductor will be presented. A
similar discussion can be obtained for holes taking into consideration the

valence band features.
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The drift mobility is dependent on the effective mass of the carrier and

on the scattering mechanism via the relaxation time (Eq. 2.9).
A 2.9
m* mv,
where m*is the effective mass of the carrier, 7is the relaxation time
(the time that on average, elapses between two successive scattering events),
Ampy 1s the mean free path (the distance that a carrier travels on avarage
between two successive collisions). The effective mass of the carrier is

directly linked to the band structure of the material since it is proportional to

the curvature of the bottom of the conduction band. (Eq. 2.10)

L:_lT.ahE(k) 2.10
m* h* Ok’

The scattering time and thus the mean free path are determined by all

the interaction that charge carriers suffer with their surroundings, such as
phonons, ionized impurities, neutral impurities, crystal defects, grain
boundaries, which will tend to limit the mobility (scattering mechanisms).
All these mechanisms will tend to limit the mobility of the carriers, thus the
resulting mobility can be calculated according to the Matthiessen rule (Eq.
211

—=X— 2.11

u H,

Each of these mechanisms will have a peculiar dependence on the
carrier concentration and temperature'>'>. Therefore the extent of each
contribution to the total mobility can be considerably different and might be
confined to a specific temperature region. For example, in a heavily doped
semiconductor the contribution of neutral impurities can be neglected taking
into consideration that even at rather low temperature (77K) their
concentration is quite low as most of impurities are fully ionized'>'®. For
this reason, it is a common practice to talk about the principle scattering
mechanism referring to that particular process which influences the
conductivity the most.

The remaining scattering mechanisms can be divided into two

categories depending on whether they are intrinsicor not. Intrinsic
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mechanisms are unavoidable and thus they set the lower limit of the
resistivity reachable'*'”. Scattering at ionized impurities or by phonons are
intrinsic mechanisms'"'®. Grain boundaries as well as structural disorder are
not intrinsic and in principle they can be eliminated by improving the crystal

quality'®.

Figure 2.4 Schematic view of the Coulomb scaitering process of an electron
by means of a positively charged ion. The scattering cross-section is a function of

the parameters b, K and ©. Taken from reference 7

Scattering by ionized impurities is a consequence of the Coulomb
interaction between the charged center and the free electrons (Figure 2.4).
This problem was treated classically by Conwell, (Conwell-Weisskopf
approach) and quantum-mechanically by Brooks and Dingle7'19'21. The two
models resemble each other except that for very high carrier concentration,
and in both cases the mobility depends on temperature as pecT>? 7. For
degenerate semiconductors, instead, mobility is independent of temperature

and it can be calculated according to Eq.2.12%%.

33 3 2
_ 247°1(5,6)* N i

s Z%e’ f(x)N,m**

Where m*is the reduced mass, € the absolute dielectric permittivity, N;
the density of scattering centers and f(x) the screening function (Eq.2.13

and 2.14):
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Figure 2.5. Schematic view of the scattering process of an electron by means

of (a) an acoustic phonon, (b) an optical phonon. Taken from ref. 7

Phonons represent the second intrinsic scattering mechanism in
semiconductors (Figure 2.5). Optical phonons are energetic modes therefore
their contribution to scattering of electrons at room temperature can be
neglected. Scattering due to acoustic phonons will be characterized by a
dependence of carriers’ mobility on temperature as AT?? according to the

Eq. 2.15 and 2.16%:

e 87)"2eh’C,
L 3El2(m*)5/2(kT)3/2 215
dE
E] = V(d_T)( gJ
av \ dT 216

Determining the mobility value by using this formula is possible

provided that the value of the elastic constant for longitudinal waves C;; and

1 dv
for the volume expansion coefﬁcient[V i) are known”.

In polycrystalline materials, the flow of electrons will imply that the
latter needs to pass from one grain to another. In this process, a barrier can
be represented by the grain boundaries, complex structures composed of
highly disordered atoms, which separate adjacent crystalline grains. If the
barrier is present, one electron can tunnel through or be thermionically
emitted”. There are two theories to describe the nature of grain boundaries:

in the first the grain boundaries represent an impurity segregation “sink”,
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with a concentration of impurity atoms much higher than inside the
grain.?* The second suggests that the unordered structure in the grain
boundaries creates defects and dangling bonds, able to act as traps and thus
limiting the number of free carriers. After trapping, the traps themselves
become charged, thus creating a potential barrier that prevents the current
flow (reduction of the mobility).B’24 Grain boundaries are of considerably
importance for polycrystalline material and their effect becomes more
severe as the grain size approaches the value of the mean free path of an
electron. Mobility limitation due to grain boundaries can be determined

according to Eq. 2.17.

1 1/2 -Ea
Hip =le(mj exp( T j 257

Where E, is the activation energy and / is the grain size.

All the equations (2.12-2.17) yield to values of mobility express in
em?V's!

The highest mobility achievable is determined by the summation over
all scattering mechanisms, as it was calculated in Dekkers PhD thesis

(Figure 2.6)

mobility » (cm*V's™)

Figure 2.6 Dependence of the mobility values upon the carrier concentration
for different scattering mechanism: uy, g, pisrepresents respectively the mobility
dependence if the scattering mechanism is due to neutral impurities, grain
boundaries or ionized impurities. u,, represents the upper value of mobility

achievable if all of the above are taken into account
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Resistivity measurements only give the product of the mobility and
the carrier concentration. In order to estimate both values, it is common

practice to measure the Hall Effect.

2.2.1. Hall effect.

Hall Effect measurements allow to obtain information not only about
the carrier concentration and the mobility of the carrier but also about the
type of carrier (h or n) responsible for the conductivity25 . Two different
configurations can be adapted for the measurement: Hall bar or Van der

Paw geometry.

Figure 2.7 A schematic representation of the Hall bar.

Taking into consideration the scheme in Figure 2.7, an electric field is
applied along the x direction and as a consequence a constant current / is set
it up in this direction. While an electron is moving along the applied electric
field, it will also experience the force of a magnetic field applied
perpendicular to the electric field. As a result, the electron will be deflected
in the direction normal to both the electric and magnetic field by the Lorentz

force (Eq. 2.18).
F=—e(E+VxB) 2.18
Thus the electrons will drift towards the negative y axis of the sample,

building up a negative voltage. This latter represents the Hall Voltage, Vy
Eq.2.19).
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Where I is the current, B the magnetic flux. If the sheet resistance is

2:19

known, then it is possible to calculate the Hall mobility () (Eq. 2.20):

__|
RSH IB

1y 2.20

It is worth noting that drift mobility and Hall mobility are related to
each other via the Hall factor ry;, whose magnitude depends on the scattering

mechanisms that contribute to t and is usually close to 1 (Eq. 2.21 and 2.22)

By =Tyl 2.21

. () 2.22

The Hall mobility can be directly calculated from measurable
quantities in the Van der Paw configuration, namely the sheet and the Hall
resistance, without prior knowledge of the thickness of the conductive layer.
Determination of the carrier concentration and resistivity, instead, requires

independent estimation of the film thickness.

2.3. Optical properties and their
correlation with the electrical

properties.

One of the prominent features of a TCO is its transparency window
which covers most of the visible spectra range. The amount of light
transmitted will be limited by two main effects: reflection and absorption. It
follows that the portion of light that can be transmitted through a medium
(T) depends on the reflectivity (R) and the absorbance (A) of the medium
itself.

In general terms, a light beam incident on an optical medium will be
partially reflected at the front and at the back surface of the films. If the

optical medium is represented by a thin film, the thickness d can be
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comparable with the wavelength of light. In this condition and provided that
the absorption of light is negligible, the light is reflected at the front and
back surface in a coherent way. This gives rise to an interference pattern
(Fabry-Perrot oscillations), whose spacing (4E) is related to the refractive
index (n) of the layer and its thickness (d) (Eq2.23).

ch
=d 223
2nAE

Where c is the speed of light in vacuum and 4 the Plank constant.

For a strongly absorbing medium, multiple reflections will be
negligible. In this case, during the propagation, that portion of light which is
resonant with the transition frequency of the atoms in the medium will be
absorbed®®. Because of the absorbing process, the light intensity passing
through a medium will be attenuated with distance (Eq. 2.24)

dl =-aozx 1(2) 2.24

where z is the direction of propagation

The solution of the above equation gives an exponential decay of light

intensity (Beer’s law, Eq. 2.25)

—=e 2.25

Where o is the absorption coefficient which is defined as the fraction
of power absorbed in a unit length of medium, and is related to the
transmittance (T) and the reflectance (R) according to Eq. 2:96%.

T =(1-R)’e*? 2.26

It is quite common to quantify the absorption of an optical medium in

terms of its optical density or absorbance, which is defined as in Eq. 2.27 2,

A=- log,o[iJ =28 g 227
IO loge (1 0)

All the information about the fundamental optical properties of a
material (absorption coefficient, transmittance and reflectance) can be

extracted from its complex refractive index (i1) (Eq. 2.28)
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fi=n+ik 2.28

The real part of the refractive index is defined as the ratio of the
propagation velocity of light in free space (c) to the velocity of light in the
medium (v) (Eq. 2.29)

o 2.29
A%

The imaginary part (extinction coefficient, k) is directly connected to

the absorption coefficient of the material (Eq. 2.30) %’

a:ﬂ 2.30
A

The reflectivity depends on both n and k as in Eq.2.31.
A1 2
]n (. {n— 1)° +k2 231
Iﬁ 1| (n+1)?+k

The complex refractive index can be related to its complex dielectric

constant (Eq. 2.32-2.35).

£ =¢g +ig, 2.32
fi‘=Z 2.33
g =n"-k’ 2.34
&, =2nk 2.35

Away from strong absorption edges, the absorption coefficient (k)

vanishes and the refractive index becomes a constant number (Eq. 2.36)

n=.e, 2.36

where &., is the high frequency dielectric constant®’.

In semiconductors the absorption coefficient is a strong function of the
photon energy andfor parabolic band structure it can be used to determine
the optical band gap (Eq. 2.37) &

a(hw)x(ho-E,) 2.57

Where hv is the photon energy and y is a constant, whose value
depends on the type of transition. Indeed, band to band transition can be
classified as allowed or forbidden, depending on if a transition respects the
selection rules or not. Allowed transitions respect both the energy

conservation and momentum conservation rules and they can be further
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classified into direct or indirect’®. Direct transitions occur between a
maximum and a valley position at the same k point. In this case the y
coefficient is equal to '%. Indirect transitions occur when the valley is
displaced in the k space, and therefore the interaction with a phonon (which

is absorbed or emitted) is necessary to conserve the momentum (Figure 2.8).

Figure 2.8 Schematic representations of (a) direct and (b) indirect band gap

semiconductor

It follows that the absorption coefficient is modified as in Eq. 2.38%.
a(ha))'""oc(ha)—Eg +hq)’ 2.38

Where ¢ is the phonon wave vector and the + sign depends on whether
a phonon is absorbed or emitted.

In the case of perfectly parabolic band structure, for non-degenerate
semiconductor, band gap represent the first optical transition. However,
when degeneracy takes place, the first allowed optical transition is higher
than the fundamental gap, according to the Burstein-Moss effect (Figure
2.9). The magnitude of the shift (Agy) is usually calculated according to the
free-electron theory, according to Eq. 2.39.

h2
-(27°n,)*" 2.39
2m

Apy =
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Figure 2.9 Consequence of degeneracy on the optical properties of
semiconductors. the fundamental band gap Eg is open up due to the Burstein-Moss
shift. However due to the renormalization effect, the widening is reduced. Taken

from ref. 28

However the experimental values for the band-gap opening are
usually much less than what expected from those predicted by the free-
electron model. In order to account for this discrepancy, a re-normalization
effect has been proposed. The origin of this latter has been attributed to
many-body effects including electron-exchange interactions, minority
carrier correlation and carrier-ion correlation, in order to account the
shrinkage of the band gap (Arn) as balancing to its opening (Figure 2.9),
thus estimating the band gap for a degenerate semiconductor as in Eq.2.40%*
31

EX =E, +Ap, —Agy 2.40

The second consequence of degeneracy on the optical properties is the
set on of intra-band transition (Drude-like tail). The Drude frequency ()
depends upon carrier concentration N (which can correspond to either n, or
n, depending if n-type or p-type) (Eq. 2.41)

), = #q;* 2.41

Therefore as the carrier concentration increases, the Drude tail will be

pushed towards shorter wavelength (Figure 2.10).
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Figure 2.10 Effect of the carrier concentration on the Drude tail position.
Taken from ref. 32

It follows that the window of transparency is limited from the
fundamental band gap in the UV-part of the spectra from the Drude tail in
the infrared. In order to guarantee a good transparent window to the visible
light, it is necessary to have band gap higher than 3 eV (A~400 nm) and
plasma tail below 1.55 eV (A~800 nm)*”***3. This implies that, for example
for indium tin oxide, the carrier concentration should be lower than
2.6:10'cm™ ', This is the reason why, in particular for solar cell
application, it is preferable to increase the conductivity by increasing the
mobility of the carrier rather than increasing the carrier density>*.

Morphology can contribute to macroscopic optical properties of the
material. In case of highly rough surface, the specular transmission of the
sample can be quite low with respect to that expected according to the

complex refractive index for that material (Figure 2.11).
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Figure 2.11Effect of the morphology on the optical properties of the
material. Surface roughness attenuates the intensity of the light in the forward

direction as part of the light gets scattered in all direction.

The reason for this is that light gets scattered at a rough surface and its
intensity along the z direction gets attenuated in an analogous ways to
absorption®® (Eq. 2.42)

I =1, exp(=Ng-0q-d) 2.42

Where Nsc is the number of the scattering centers per unit volume and
osc is the scattering cross-section. From an experimental point of view, it is
possible to distinguish between the two cases, scattering or absorption, only
by employing specialized equipment (spheres detector) which allows
evaluating the contribution from diffuse and absorbed light. In fact the total
transmission and the total reflection, i.e. the light transmitted and the light
reflected over the inter sphere, is the same as expected according to the
refractive index of the material. Scattering at rough interfaces is not always
a detrimental property. On the contrary, in particular applications this is a
desired effect. For example this effect is used for photon management in
solar cell. In particular surface texturized TCO front contact is useful in
order to enhance the path length in of light in poorly absorbing materials
(such as amorphous silicon thin film cells)*>*°,

Two parameters are used to describe the scattered light: the angular
distribution function (4DF) which describe how the intensity of the diffuse
light varies at different angles and the haze parameter (H), this latter being
defined as the ratio between the diffuse transmitted light T, and the total
transmitted light T,,, (diffuse + specular transmitted light)® g (Eq.2.43)
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In order to estimate the haze, the diffuse light is measured by trapping
the specular transmitted beam, so that a sphere detector will measure only
the scattered intensity. For total transmittance, instead, both specular and
diffuse components are capture by the sphere detector. Therefore, the haze
parameter is thus an estimation of the capability of a sample to scatter the

light at a given wavelength.
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2.4. Concluding remarks

It is clear that optical and electrical properties are strongly interrelated
in a transparent conducting oxide and both should be at their possible best.
It follows that comparison between different material cannot be done by
taking into consideration only one or the other, but it is necessary to account
for both of them simultaneously. Moreover, in order to fully assess the
properties of a material it is important that the evaluation is independent of
the film thickness.

For this reason it is a common practice to define the figure of merit, F,
a quantity that takes into account the optical and electrical properties of a
material despite of the thickness. There several ways to define the Figure of
merit, but the one which looked most appropriate and therefore it is widely

used in the present thesis is reported in Eq. 2.44°**!.

Fe _[______1 } * _[—_1 } 2.44
R, InT+R) | |R,InT)

The tools to measure the reflectance became available only in a later
stage of the present studies, therefore an approximated value for the figure
of merit which takes into account only the transmission was used

extensively.
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Chapter 3

Experimental apparatus



3.1. Introduction

Transparent conducting oxide are nowadays a commercial reality,
produced in large quantities mainly by chemical vapour deposition (CVD),
sputtering or spray pyrolysis. These techniques are also used on a laboratory
scale, along with others techniques, such as pulsed laser deposition (PLD) or
atomic layer deposition (ALD), less suited for a large scale application. In
this thesis, two different techniques were adopted: spray pyrolysis and
pulsed laser deposition. Details of both of them will be given in the
following paragraphs.

In addressing the effect of deposition conditions and in assessing the
properties of the deposited layer, it was necessary to widely characterised
the materials. Characterization of electrical, optical, morphological,
compositional and structural properties was carried out by using a variety of

technologies, whose main feature will be outline in the following sections.
3.2. Deposition methods

For this work both a chemical and a physical deposition method
were used. Both techniques present advantages and disadvantages, which
will be discussed in details in the following section. The overall idea behind
this choice was that spray pyrolysis allows rapid throughput of material and
high flexibility in changing material composition and deposition conditions,
thus being suitable for rapid screening of materials and material
composition. However this flexibility implies a compromise in regards to
the quality of the material produce. Therefore, once a particular material
was identified, production of high quality layers was possible by using pulse

laser deposition.
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3.2.1. Spray pyrolysis

Spray pyrolysis is a chemical deposition technique, used industrially
for large scale application. It is a vacuum-free, cheap and fast deposition
method, quite versatile, with the drawback of producing polycrystalline
films, which often suffer from poor crystallographic and morphological
properties in comparison with those deposited by more sophisticated
methods such as ALD, CVD, sputtering or PLD.

The spray-pyrolytic process consists of nebulizing a solution,
containing the precursor salts, and its transport towards a hot substrate by
means of a gas stream.'” Within the hot zone above the substrate, the
precursors undergo a pyrolytic decomposition, i.e. a thermal decomposition
in the presence of oxygen4. As a consequence a thin layer of metal oxide is
deposited onto the substrate. Key parameters of this process are: the
atomization technique, aerosol transport (carrier gas, pressure, distance and
reactor geometry), substrate temperature and material, and the chemical

composition of the solution'”. The set-up used in the present thesis is

reported in Figure 3.1 together with the process scheme.

Figure 3.1 On the left: the spray-pyrolysis deposition apparatus; on the
right the schematic representation of the pyrolysis process. The effect of the droplet

size distribution is highlight. Taken from ref. 1.

Regarding the atomization process, many efforts have been devoted
to optimize it, and as a result, different types of nozzles are commercially
available nowadays.®® The crucial point is to get a homogeneous droplet

size distribution as well as a small value for the mean particle size since
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better film quality is achievable in this case'”. The reason for this is that, for
small particle size, the solvent fully evaporates during the transport towards
the substrate leading to a vapour-solid reaction for the precursors. If the
particle size is too big with respect to the nozzle-substrate distance, the
solvent does not have enough time to evaporate and droplets of liquid
impinge upon the surface followed by a liquid-solid reaction. On the other
end, if the solvent is too volatile or if very fine small droplets are created,
those evaporate fully before they reach the surface and powders are formed
and conglobated into the film. Thus small droplets size and homogenous
size distribution are preferable. The distance between the nozzle and the
substrate can be adjusted accordingly to fine tuning the discussed balance.

The carrier gas determines the oxidizing potency of the atmosphere
in which the pyrolytic reaction takes place, hence influencing the cation
oxidation number in the final product and allows fine-tuning of the native
defects in the film (oxygen vacancies or excess oxygen)™'’. Moreover,
pressure in the nozzle determines the rate at which the droplets reach the
surface, thus influencing both the growth rate and the cooling rate of the
surface. In the case of the blast nozzle, the pressure and gas type also
determines the droplet size distribution. Hence it has a more direct influence
in the final film properties.

The temperature of the substrate influences many different process
parameters: aerosol transport towards the substrate, solvent evaporation,
possibility of droplets impacting the surface, the dynamics of their spreading
and, most importantly, the precursor decomposition pathway'"''. Therefore,
the surface temperature plays a major role in defining morphology and
composition of the deposited film. In fact, by varying the temperature it is
possible to change from regimes in which the precursor salts do not
decompose to regimes associated with different oxidizing states possible for
the precursor'?. The importance of the substrate material is mainly related to
its heat capacity. Materials with a low heat capacity and conductivity are
cooled much faster by the spray than those that have large onesdetermining
the effective growth temperatures'®'*. Glass slides (Fisher brand, thickness
0.8-1mm) are commonly used as substrate but in order to reduce the thermal

gradient, coverslips (Roth, thickness 0.17 mm) were used for the deposition
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of p-type TCOs. Although some reports deal with the effect of the chemical

1317 this topic has been

precursors on the properties of the deposited films
discussed to a lesser extent.

Only few general guidelines have been established. In particular it is
known thatsolvents with lower density and surface tension (such as
thealcohol-based ones) enable creating droplets of smaller size. Moreover
solvents with lower boiling point vaporize easily, and this can have a major
consequence for achieving real pyrolytic decomposition®’. Furthermore, a
co-solvent can be added inorder to tune the oxidizing potency of the
atmosphere wherethe reaction takes place'. Highly soluble precursors are
preferred, and volatile molecules are required as co-product ofthe pyrolytic
decomposition®"’.

Taking into consideration the general rules reported above, a home
made system was built up. Depositions are carried out in a confined
environment, employing an air atomizer nozzle (PNR Air assisted ultrasonic
atomizer, model MAD 0331 B1BA) placed at a distance of 29 cm from the
deposition substrate (this was the maximum distance achievable). This type
of nozzle presents the advantage of being quite robust, chemical resistant
and easy to clean or substitute, although its performances in terms of
particle size and their size distribution are quite poor. Air, nitrogen, oxygen
or a mixture of them, were used as carrier gas and a mass flow controller
(Vogtlin, model red-y) allowed a fine regulation of it. The oxygen
concentration inside the chamber was monitored using an oxygen sensor
(Sensor technics, model XYA1) placed at a distance of 35 cm away from
the nozzle, in order to control the oxidation power of the environment where
the reaction takes place. During the deposition, the substrate was kept at a
constant temperature through a heater (Watlow model CER-1-01-00007)
controlled by a closed loop PID system in order to get a fast response to any
temperature variation. For the liquid delivery a peristaltic pump (Watson
Marlow Pumps Peristaltic 520S) was used. Marprene pipes were used to

carry the solution, and in order to avoid contaminations, different sets of

pipes were used for different materials.
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3.2.2. Pulsed laser deposition (PLD)

In order to deposit high quality thin film, pulsed laser deposition
(PLD) was used as technique. The decision to use this physical vapour
deposition technique over other possibilities was made in light of its great
flexibility and due to the facility of depositing ternary and quaternary

compound without any need for sophisticated vacuum hardware

18,19

components These are also the reason why this technique is widely

used for the deposition of multicomponent compounds, in particular oxides

19-21

materials~ ~'. A scheme of the apparatus and a real image of the apparatus

used are reported in Figure 3.2

substrate

Temperature
controlled
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Nitrogen plasnia

Figure 3.2 The PLD deposition chamber and a schematic view of the

process.

Conceptually PLD is a very simple technique. A high power laser (in
this case a KrF excimer laser, A = 248 nm) is used as an energy source to
vaporize the precursor materials of the target and thus to deposit a thin layer
of material on top of an appropriate substrate. A set of optical components is
used to focus the laser beam over the target surface. During the interaction
of the laser with the solid target several complex physical processes occur.
Understanding this interaction mechanism is a matter of research even
nowadays, and several models have been proposed. However this is beyond
the scope of the present dissertation and therefore only a general brief view
will be given. In principal the entire process can be schematically
represented in two steps: initially the laser photons are absorbed by the

target material and as a result, a molten layer is forms on top of surface.
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Following the vaporization processes occurs creating a recoil pressure on
the liquid layer which contributes to expel the molten material'®'%?2. This is
a very simplified scheme. In reality the ablation process is much more
complex and it depends on several parameters including the laser
characteristics and the optical, topological and thermodynamic properties of
the target. Going into more details, during the absorption process the
electromagnetic energy is converted into electronic excitation and following
into thermal, chemical and maybe even mechanical energy, which will lead
to the evaporation and ablation process. The atoms and the particles that
evaporate form the so called “plume”, a mixture of highly energetic species
including atoms, molecules, electrons, ions clusters and particles with
average size in the micrometre range and moiten globules. Immediately
after the evaporation, the plume rapidly expands into the vacuum creating a
nozzle jet directed towards an appropriate substrate. It is worth noting that
there is a minimum energy, defined as “ablation threshold”, which is
required to set off the evaporation process itself'®. The threshold value
depends both on the material and the laser characteristics, corresponding to
laser energy fluencies usually between 0.1 and 1 J/cm®. In order to get films
with good properties, i.e. smooth and stoichiometric epilayers, lasers
operating in the ultraviolet range, short pulse width (~30 ns) and laser
fluency just above the ablation threshold are preferred'®.

This techniquehas several advantages compared to other physical
vapour deposition technique. Firstly, the evaporation power source and the
vacuum hardware component are decoupled, giving an extra degree of
flexibility and the possibility of choosing among different deposition
conditions, spanning from high vacuum to highly reactive environment’",
In principle oxygen or nitrogen plasma sources can be used to create highly
reactive environment, however in the present apparatus, although it was
present, the plasma source was out of order for the time of use of the
chamber. Another advantage is given by the possibility of inserting several
elements in the same target. In this way, simultaneous deposition of
elements can be done starting from a single source, without the difficulties
of dealing with co-evaporation processes. In fact, congruent evaporation is

possible due to the fast and strong heating of the target (temperature up to

35



5000K within few ns), which leads to simultaneous evaporation of all the
different species present in the target regardless of their particular binding
energy. In this way the stoichiometry of the target is preserved during the
ablation®. Therefore, if the sticking coefficient of the different elements on
the substrate is not too different, stoichiometric transfer from the target to
the deposited films can be achieved'’>. Moreover, compared to other
deposition techniques, relative high deposition rates can be achieved'®.

Of course there are also some disadvantages. The principal problem
is that the high focused nature of the plume makes difficult to scale up the
PLD method, therefore only small areas, usually of about 1 cmz, can be
deposited by using this technique. Furthermore smoothness of the film is
quite often compromised by the presence of blobs on the surface due to the
formation of particulates during the deposition process. Another
disadvantage is the necessity of polishing the target after every film
deposition due to the extensive erosion. Finally care has to be taken in
cleaning the window and the walls of the chamber to remove the residue of
deposited material as this can represent a possible source of
contamination'®.

For the deposition, different target substrates were prepared. Solid
state reactions were used for the purpose. Detailed description of this
process will be given in the experimental section. For the deposition laser
fluencies of 0.1-0.5 J/em® were used. Different repetition rate of 5 or 10 Hz
were used. Al;O; was used as the substrate for a temperature range spanning
from 400 to 650 °C. Oxygen back-pressure was used in order to compensate

for the loss of oxygen in the deposited film with respect to the target

material. Pressures up to 100 pbar were used.

3.3. Characterization

For the characterization of transparent conducting oxides, both
optical and electrical properties need to be determined. A complementary
set of analysis such as crystal structure, composition, morphology and

thickness determination were necessary to fully understand the physical
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properties of the materials produced. Thus a variety of techniques have been
employed for the characterization, which will be only briefly outlined in this

section.
3.3.1. Electrical characterization

Electrical characterization was carried out by measuring both the
conductivity and the Hall coefficient.
For the conductivity measurements both linear configuration and

Van der Paw configuration were adopted.

(c)

Figure 3.3 Schematic representations of (a) the linear configuration set-up,
(b) the Van der Pauw geometry used for resistance measurements,(c) the Van der

Pauw geometry used for Hall measurements.

In the linear configuration (Fig. 3.3a) a small constant current is
passed through the two outer probes and the voltage is measure between the
inner two. The linear configuration works under the assumption that the film
thickness d is much smaller than the sample size (d«a). Furthermore the

probing distance (s) is much smaller than the sample size (a), which allows
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taking the correction factor CF equal to n/In2**. Gold capped springs were
used as contact probe with a distance of 2.5 mm.

In the Van der Pauw geometry (Fig. 3.3b)care was taken in placing
the contacts at the outer corners of square samples, as wrong placement can
produce misleading results”?’. Contacts were made by using colloidal
silver glue. In this configuration the current was passed through contacts 1-2
and the voltage is measured between contact 4 and 3, thus the resistance
Ri243 can be determined. In order to verify the quality of the contact, the
measurements were repeated by reversing the polarity (R 34) and swapping
the contacts (R342; and Ry43 12). In this case Ra could be determined as in Eq.
3.1,

R, =(Ry s+ Ripis + Ry + Riz 1)/ 4 3.1

Then the current is applied between contact 2 and 3 and the voltage
was measure through contact 1 and 4. By repeating the same procedure as
above, Rg according to the Eq. 3.2

Ry =Ry s+ Ry + Ry + Ryyyp) / 4 3.2

This set of resistance values is precious information in order to
assess the quality of the contact layout and the homogeneity of the sample
and the difference in the resistance was allowed to reach a maximum of
10% for any given sample. Following this, the sheet resistance Ry, can be
determined numericallyaccording to the Van der Pauw equation (Eq. 3.3)

exp(—R, / R, )+ exp(—mR, / Rg;, ) =1 3.3

The core of the Hall measurements consists in determining the Hall
voltage V. For this purpose the sample is placed in a constant magnetic
field while a current is forced through the reaming contacts (for example 2
and 4). The voltage is then measured across opposite pair of contacts (for
example 1 and 3). Measurements were repeated at reversed currents,
swapped contacts, and opposite directions of the magnetic field. At each
point the voltage was measured and the Hall voltage was calculated by
averaging over the full set of data. In order to enhance the statistic, more
than one value of magnetic field was used. In this way it was possible to
evaluate the presence of any problem with the measurement (homogeneity

of the sample, troubles with the contacts, limit in the resolution of the
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system) by looking at the scatter in the data and the Hall resistivities
measured at zero field. Once the Hall voltage (V) was determined it was
possible to calculate the Hall coefficient (Ry), Hall mobility (u) and carrier
concentration (n) (Eq. 3.4-3.6)

V..d
v = 1;’[ 3.4
e ) "
P BIRg,
ni= 2 3.6
eR,

Where d is the thickness, B and 7 are the applied magnetic field and
bias, Rgsy is the sheet resistance, e the elementary charge. The sign of the
Hall voltage depends on the type of carrier and it will be negative for

electrons and positive for holes.
3.3.2. Optical properties

Optical properties were characterized by UV-Visible spectroscopy and
spectroscopic ellipsometry. UV-Visible spectroscopy was performed on 2
different spectrophotometers. At the beginning of these studies only the
Cary 50 UV-Vis-NIR-spectrophotometer was available. This is equipped
with a Xenon lamp and can do transmission measurements over a range
from 200 up to 1100 nm. Recently the Perkin Elmer 650 lamba
spectrophotometer became available. This instrument operates in the
wavelength range from 200 nm to 850 nm, and is equipped with a deuterium
and a tungsten lamp. Integrated transmission, specular transmission,
scattered transmission and specular reflection measurements can be
performed with this instrument. The value of the total transmitted and
scattered light can then be used to determine the haze of the sample. The
spectrophotometric data were used in order to determine the transparency
(via the absorption coefficient) of different material and the relative band-
gap, by plotting (¢E)" vs E with n chosen to make the data linear near E,. It

is worth noting that this latter method works well for sharp transition, while
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for broad transition it is rather inaccurate: the linearity is subjective and
different values of n can lead to comparable linearity. Moreover for a given
n the range of data to fit can make a considerable difference on the value of
the intercept®®.

Determination of the refractive index was done by means of the
variable angle spectroscopic ellipsometry (SOPRA GESP 5 Variable Angle

spectroscopic ellipsometer) in the energy range from 1.5 to 5 eV.

Elliptically polarised

Linearly polarised

Sample

Figure 3.4 A schematic view of the optical process that is used for
spectroscopic ellipsometry: a monochromatic linearly polarized light is elliptically
polarized upon reflection with intensity difference (tany) and phase difference (4).
Scheme to the courtesy of Mr. C. Smith

In spectroscopic ellipsometry, a monochromatic, linearly polarized
electromagnetic plane wave travels throughout a medium (MO) and is
reflected by another material (M1) under non-normal incidence (Figure 3.4).
Upon reflection, the light is elliptical polarized. This means that, while the
parallel and perpendicular vector components of the electric field of the
incident light are in phase, the reflected components show a phase
difference (A) and an intensity difference (tany). Both quantities are related
to the optical properties of the material that caused the reflection (M1), and
in particular to the ratio of the Fresnel reflection coefficients parallel r, and

perpendicular r; to the plane of incidence respectively (Eq. 3.7)
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.
p, -2 = tany exp(iA) 3.7
-

Making use of the Snell’s law, it is possible to correlate the complex
refractive index of the incident medium (Ny) and the reflecting material (N)
in terms of gand pas in Eq. 3.8.

b/
2 _ st 22 N )7
N, I+p

0

3.8

In this case, the incident medium is air, therefore its refractive index
(Np) is known, while the ellipsometric ratio p. is determined by measuring
the values of the ellipsometric parameters cos(A) and tan('t) in the energy
range of interest and at different values of incident angles ¢. This analytical
expression is only valid for a single interface between a medium M1 and
MO. For multilayer the ellipsometry data carry information about the
pseudo-dielectric function of the material, in other words they are a
convolution of the optical response of each layer inserted in the stack. For
thin films the measured cos(A), tan(‘V) values are also influenced by the
interface roughness, film thickness and optical properties of the film and
substrate. Multiple angles measurements are required in order to decouple
the correlation between the refractive index (n) and the thickness of the
sample (d). The complex dielectric function € of the thin film is determined
by fitting the experimental results with a multilayer model, in our case
consisting of air, surface roughness, TCO and glass.

Lorentian oscillators or bulk critical points were used to build up a
physical model able to represent the dielectric function of the material and
they were used to fit the experimental data until conversion. For selected
samples values of thickness were compared with those determined by cross
sectional scanning electron microscopy (SEM) or x-ray reflectivity (XRR).
Comparison with the transmission data was carried out in order to assess the

validity of the dielectric function derived from the ellipsometric model.
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3.3.3. Compositional analysis

The elemental composition of the deposited material was analysed
by x-ray photoelectron spectroscopy (XPS) by using a using an Omicron
MultiprobeXP system (Al X-ray source, E125 Analyser).

The basic principle of operation for the system is the ejection of an
electron upon photo ionization by means of x-ray (or ultra violet light in
UPS). In first order it is assumed that the electron is emitted without
undergoing any dissipation process and therefore the kinetic energy it
travels with is characteristic and reproducible. Indeed, the kinetic energy of
the electron is thequantity that is experimentally measured, by means of a
channeltron, while the sample, properly grounded, will undergo a series of
relaxation process in order to dissipate the excess charge left behind. Since
the x-ray excitation energy is known, the binding energy can be calculated
in first approximation as the difference between the excitation energy and
kinetic energy, provided that the work function for the instrument is known

(Eq. 3.9, Figure 3.5)

EBI:' = hv ¥ EKI:‘ e ¢spec 3 9
hv
Specemen Spectromet er
_._—L i
L
J
! |
‘ -1 LB |
e | | Ewin
(L] 1 | vecuum level
o Y ®
w ¢ . t ®spect
It X l Ferm lovel £
Fw t:ml

'_%

|
|
|
L
L}
L
-
|
|

Figure 3.5 Schematic view of a photoelectron experiment. It is important to
notice that sample and spectrophotometer must be in electrical contact in order for

the Fermi levels to align®.
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For an Al source, hv=1486 eV. Each element give rise to a
characteristic set of peak in the XPS spectrum whose position is determine
by the binding energy of the orbital level probed while the area of the peak
is determined by its scattering cross-section and by the actual amount of that
particular element on the surface of the sample. Due to bonding formation,
the electronic density of an atom may be changed. In this case a particular
electron can suffer and increased or reduced screening of the nuclear
attraction by means of the other electrons. As a result, the position of a peak
can be shifted to higher or lower binding energy (chemical shift). In this
case information about the chemical surroundings of an atom can be
obtained within the resolution of the system. This depends on the entrance
and exit slit, as well as the pass energy, integration time and step width,
which can be adjusted in order to bring the resolution up to 0.6 eV. Since
XPS is a surface sensitive technique (only the first few nanometers will be
probed), samples were subject to cleaning prior measurements. This
includes ultrasonic cleaning in high purity organic solvent (isopropanol,
acetone, methanol), chemical cleaning in diluted HCI or HNOj3 solutions
(pH=1) or in-situ using Ar ion sputtering at a pressure of 5x10°-1x107
mbar, beam energy in the range of 0.3-0.8 kV and an ion target current of
1.4-12 pA using an Omicron ISE 5 cold cathode ion sputter source.

Experimental data were analysed by using the CasaXPS software.

3.3.4. Morphology

Morphology of the samples was analysed by atomic force

microscope (AFM) and scanning electron microscope (SEM)

3.3.4.1 Atomic Force Microscope
(AFM)

AFM was performed by using a NT-MDT SPM Solver PRO NT-
MDT apparatus with a tip NSC35/AIBS or an Asylum MFP-3D™ Stand
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Alone AFM apparatus and using single crystal silicon tip in non-contact
mode. The scanning parameters such as scanning speed as well as PID
setting for the piezo were adjusted depending on samples roughness.
Topography analysis was performed by using the Gwyddion software and

the value of the root mean square roughness could be determined.

3.3.4.2 Scanning electron microscope

(SEM)

SEM imagines were obtained by using a Zeiss Ultra Plus - Scanning
Electron Microscope, equipped with an in-lens detector. Both top view and
cross-sectional images were taken. Voltage, astigmatism and focusing were

adjusted in order to improve the resolution of the image.

3.3.5. Structural analysis

The crystallographic structure of the sample was investigated by
means of x-ray diffraction. A number of different types of information can
be gathered by means of this technique such as lattice parameters,
epitaxiality of the film, dimension of the coherent diffraction domains, etc.
Depending on the nature of the sample (powders, polycrystalline films and
epitaxial films) different geometries have been employed: symmetric scans,
grazing incident configuration, high resolution configuration. Despite the
details of the geometry adopted for the scan, the basic underlying principal
is the same, i.e. the measurement of the lattice spacing via the Bragg law
(Eq. 3.10)

A=2dsin9 3.10

However, different configurations allow accessibility to different
details of the crystallographic properties, as outlined below. For this purpose
the Bruker D8 Discover was used. On the source side this is equipped with a
Cu tube, Gobel mirror and a monochromator. Depending on the type of

measurements, different detectors can be used: for powders and high
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resolution measurements a position sensitive detector (PSD) was used,
while for grazing incidence diffraction Soller slits and a scintillation counter

detector were used (Figure 3.6)

Figure 3.6 The Bruker D8 discover diffractometer in two different
configurations: on the left the powders and high resolution configuration with the
PSD detector; on the right the grazing incidence configuration with the Soller slits

and scintillation counter detector.

3.3.5.1 Powders X-ray diffraction in

parallel beam geometry

The simplest diffraction measurement that can be performed is the
symmetric 6/260 scans. This configuration was adopted for powders and
polycrystalline films and allows the determination of the crystallographic
phase, its structure and lattice parameters.

In order to perform the measurements, powder samples were
compressed into pellets or accommodated in the appropriate holder. In this
case the sample was aligned in the x,y,z direction in order to be centred with
respect to the incident beam and corrected for angular tilting ()

Analysis of the XRD patterns was done by using the MAUD
software employing the Rietveld method®. Real physical quantity
characteristics of the crystal such as crystal structure parameters, dimension
of the coherent diffraction domains, microstrain and texture, Debye-Waller
factor are used in the fitting procedure and their value can thus be

determined by analysing the XRD patterns.
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The principal of this method is to minimize the residual function
(weighted sum of squares WWSEq. 3.11) by a non-linear least squares
algorithm™.

1

Where /7" is the intensity of the experimental XRD patterned while

wSS=Y (I =1y 3.11

the calculated intensity 7 (Eq. 3.12)
N peaks
calc 2
17 =8, Y L|F[SQ23 -29,)PA+bkg, 3.12
k=1

In a spectrum having N peaks (where N depends on the symmetry
and space group), the intensity of a 26 position i, will be determine by
background value bkg, and by the present and intensity of peaks at that

value. The background function is described by a polynomial of second

order. The k™ peak can be described by its position 29, , by the diffraction
intensity and by a line broadening (or profile shape function S(29, —29,)).
The position 24, will be calculated according to the Bragg law

using the d-spacing of the Akl reflection and using a reciprocal space

mapping (Eq. 3.13 - 3.14)*°.

e Ve 3.13
S0+ Sk 453,12+ 25, hl + 25, hl+ 25,k
a*’ a*b*cosy* a*c*cosf*
S=|a*b*cosy* b*? b*cosa * 3.14
a*c*cosf* b*c*cosa* c*?

The intensity will be given by the incident beam intensity S,., the
Lorentz-Polarization factor L,, the structure factor F,, the presence of
texture P, and the absorption factor 4. The structure factor carries the

information about multiplicity of the reflection, my, the cell structure, the

Debye-Waller temperature factor (B,) and is defined as in Eq. 3.15
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n=1

Where N is the number of atoms, x,, y,, z, are the coordinates of the
n™ atoms and [ 1s atomic scattering factor of the n™ atom and h, k, [ are the
Miller indices.

In any sample where texturing was present, the March-Dollase

formula was used (Eq. 3.16)

my Lo T2
2 =LZ[P,;D cos’ a, + il ) 3.16

mk n=l1 MD
Where the sum runs over all equivalent hkl reflection (mg) Pyyp is
March Dollase parameter and «,is the angle between the preferred
orientation vector and the crystallographic plane hk1*°.
The broadening of a peak is determined by two contributions: the

sample broadening which is taken into account via the profile shape

function S(28 -28,)and the instrumental broadening. These two

contributions are treated separately. For the instrumental broadening a
Cagliotti-like formula is used. The instrumental broadening was determined
for each different configuration of the diffractometer (different slits and
detector type can in principle affect it) by using a single crystal Si sample.
In this case, due to the large diffraction domains and low impurity levels, it
can be assumed that the peak broadening is completely determined by the
instrumental resolution. Once the parameters for the instrumental
broadening have been determined by iterativeoptimization of the parameters
used in the Cagliotti formula, their values isin a separate file and the used

for the analysis of samples.

3.3.5.2 Grazing incidence X-ray
diffraction (GIXD)

X-ray radiation has a large penetration depth into any matter, making

the analysis of thin films quite difficult because of the small diffracting
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volume, which results in low diffracted intensity in comparison to the
substrate and background signal. In particular the parallel beam geometry is
only partially suitable for the study of polycrystalline thin films grown on
glass due to the high peak to background ratio, and therefore to the large
contribution of the substrate to the signal. Grazing incidence configuration
is a method to overcome this limitation. By applying a small angle of
incidence (1°) of the incident x-ray beam, the penetration depth is strongly
reduced (couple of order of magnitude) and the path length of the X-rays
through the film is enhanced, thus maximizing the response from the thin
layers. Moreover the penetration depth is kept constant over the entire
spectra range, thus enabling a good signal to noise even at high angle of
diffraction. In a polycrystalline material the crystallite will be randomly
oriented in such a way that some of them will satisfy the Bragg condition
(Figure 3.7).The diffracted beam can then be paralleled in the Soller slit
attachment. The grazing incident angle (wg;) in this study has been kept
fixed in order to probe always the same amount of material throughout the
entire 20 range. The drawback in this case is that no highly oriented film can
be measured with the present diffractometer and long integration time is

required.

Figure 3.7 Schematic view of the grazing incidence diffraction
configuration for analysis of polycrystalline films
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3.3.5.3 High resolution x-ray
diffraction (HRXRD)

High resolution x-ray diffraction is a powerful tool to study the
properties of epitaxial films. A good amount of information can be gathered
such as structural parameters, epitaxial relationship for hetero-epitaxial
grown films, Poisson ratio for strained films, presence of mosaic effects.

In the present thesis, this study was applied to Cr,O3 grown on
sapphire. The presence of stain in the grown film is determined by the
difference in the lattice mismatch (A;) between the substrate lattice
parameters (as) and the epitaxial film lattice parameter (ap)’*! (Eq. 3.17).

G, —d,

A, =— 3.17

iy

The strained energy induced by the lattice mismatch builds up to a
threshold value above which the epitaxial films lattice constants tend to
relax to their bulk values. This threshold thickness is said to be the critical
thickness (#.) and its value can be determined according to the Eq. 3.18 *'.

a
e 3.18
24,

In the present thesis, HRXRD analyses were performed on
chromium oxide film grown on sapphire. Due to the lattice mismatch the
critical thickness was expected to be of about 5 nm. Since the minimum
thickness value desired was 20 nm, the films were expected to be fully
relaxed. For this reason, the HRXRD aimed only to determine the epitaxial
relationship between films and substrate. To this end, both in plane and out
of plane XRD pattern were collected.

For the out of plane pattern, samples were aligned with respect to the
substrate. The sapphire (006) reflex was used. Correction for sample tilting
(o) and for the inter-planar angle was achieved by iterative optimization of
the ¥ and © scanning parameters. Patterns were collected over an

appropriate angular range.
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For the in plane scan, a substrate reflex corresponding to a plane non
parallelto the surface plane was chosen for the alignment. In this case also
the \ anglewas optimized in order to be in Bragg condition for the particular
plane of choice. Moreover in order to verify what was the epitaxial
relationship and if there was any in-plane rotation, the presence of the same
reflex from the epitaxial film was recorded. A y—scan was then performed

to verify the symmetry of the diffraction plane (Figure 3.8).

Figure 3.8. Scheme of the diffraction geometry for high resolution

measurements of epitaxial films deposited on single crystal sapphire.

3.3.6. Thickness determination

As described above, optical measurements were often employed in
order to determine the thickness. Nevertheless, many times, an independent
method to evaluate it was required. To this end, X-ray reflectivity represents
a powerful tool to get precise and quick results. However the major
limitation is that only thickness lower than 100 nm can be probed and
smooth samples are required. These criteria were met most of the time for
PLD grown samples, while they were not fulfilled for those samples grown
by spray pyrolysis. In this latter case, cross sectional scanning electron

microscopy was performed. Details of these two methods are given below.
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3.3.6.1 X-ray reflectivity (XRR)

The interaction of x-ray with matter gives rise to other two important
optical phenomena, reflection and refraction governed by Fresnel equations
and Snell law respectively. Together, they can be used to determine the
thickness of thin layers.

The basic principle of X-ray reflectivity is to measure the intensity of
a reflected x-ray beam near a glancing incidence configuration. The
reflection at the surface and interface of the film is due to the difference in
electron densities in different layers which corresponds to different
reflectivity index.

Since only specular X-ray reflectivity was performed, the incident
angle (6;) is equal to the reflected angle and the scan is performed over a 26

range less than 6 degrees (Figure 3.9).

Figure 3.9. Scheme of the x-ray reflection process at the top and the
bottom of a thin film.

The refractive index of a medium in the x-ray range can be written as
in Eq. 3.19.
n=1-6-if 3.19
Where & represents the dispersion term and 3 the absorption term as in

Eq. 3.20.
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Where 7, is the Bohr radius, A the x-ray wavelength and n,the

electron density given by Eq. 3.21.
N
sz —/—Ii D 3.21

Being N, the Avogadro numbers, 4 the atomic weight p, the density
and Z the number of electrons per atom. This latter is usually replaced with
the complex atom form factor f(Eq. 3.22).

f=io+ FHRfi=24 i 3.22

Where f* and if’" are due to dispersion and absorption (Eq. 3.23 -

3.24)
N rA?
O=(Z+ f—4 g 3.23
( f A ptl 27[
A N,
=— f"—= 3.24
B - £ i P

oandf are small positive quantities, thusthe refractive index is
slightly smaller than 1 in this region and transmitted waves will be refracted.
Thus Snell law can be applied (Eq. 3.25).

n, cos($) = n, cos(Y,) 3.25

At a critical angle 6¢, X-rays will undergo a total internal reflection
going from a medium of high refractive index to one of low refractive
index. By assuming that no absorption takes place (f=0) and in the case of
n; being air, it can be proven that the critical angle is dependent on dand

therefore proportional to the density of the material (Eq. 3.26)
9. =26 «.\[p, 3.26

This proves why no XRR can be measured if there is no density
difference.

For incident angles higher than the critical angle, X-rays will
penetrate in the film, and reflection will occur at the bottom and at the top of
the layer. The interference between the x-ray reflected at these interfaces

will results in interference fringes (Kiessig fringes). The spacing between
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this interference fringes is proportional to thickness of the layer according to
Eq. 327

d= fanedN:s 3.27
2 '9,m+1 _'9m

The analysis of the XRR data was performed by using the Laptos
software. In this package the Fresnel reflectivity is calculated by using the
recursive Parratt’s formalism.

The procedure described so far is correct only for abrupt ideal
interface. In reality real material have some level of surface roughness that
gives rise to diffuse reflection. The theoretical treatment of this latter is
allowed in the Laptos package provided that the amount is limited to few
nanometres.

Overall the simulation allows the determination of the thickness,

roughness and density of each single layer inserted into the stack.

3.3.6.2 Crosse sectional Scanning

Electron Microscopy (SEM)

Sample prepared by spray pyrolysis and sample deposited by PLD in
non-optimum conditions are too rough to be analysed by XRR. In this case
cross sectional SEM was performed. The only difference with respect to the
description given above is about the sample preparation. In this case, a thin
slab of material was mounted vertically, given only a little bit of inclination
for avoiding in depth view. Samples were then fixed using silver paint. In-
lens detector was used for the imaging at the characteristic acceleration

energy of 2kV.
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Chapter 4

n-type TCOs



4.1. State of the art

All the commercially employed TCOs are n-type and among this
In,03:Sn, SnO,:F, ZnO:Al are the most widely used. The success of these
oxides lays on their outstanding physical properties, in particular large band
gaps, great flexibility in impurity doping leading to highly tunable and
controllable carrier concentration while maintaining good electron
mobility'. As outlined in Chap. 2 there are intrinsic limits on theproperties
that a TCO can achieve and for the most commonly reported TCOs (AZO,
FTO, ITO) this target has been achieved®*™* At the same time the increasing
demand for TCOs with improved performance strongly stimulated the
search for new materials’®. Although conventional TCOs have been studied
for the last 20 years, attention has not drop. There are two reasons for that.
From the fundamental point of view there are still unanswered question, the
prominent one being about the conductive mechanism”'’. In these oxides, n-
type conductivity is the result of both unintentional doping, whose causes

9all

are still under debate™ ', and appropriate substitutional doping with

aliovalent ions'>. The former is readily achieved by tuning the oxygen
content during the deposition process, however the latter is preferable in
order to achieve a better control over the optical and electrical properties'?.
Better understanding of both is required in order to design new and
improved materials. Second, record conductivity and transparency has been
achieved on a laboratory scale. The challenge in this case is more
technological, i.e. transfer of high quality material into a cost-effective
industrial production process'>. Moreover, as the requirement for
improvement of devices performance increases, the pathway to achieve this
is often based on material engineering especially at the interfaces. In this

14,15

case, the possibility of tuningmaterial properties such as band-gap and

1618 refractive index'’, fine-tuning of mobility and carrier

concentration”’, morphology’ or even etching characteristics'®**?' is

work-function

required for either new or commonly employed TCOs to match devices

requirements.
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4.2. Zinc oxide and Aluminum Zinc

Oxide (AZ0)

Zinc oxide is one of the most commonly used TCO in solar cells. Due
to its abundance, low price and non-toxicity, it is considered an ideal
replacement for the scarce and expensive indium oxide. Moreover its
outstanding physical properties such as the large exciton binding energy (60
meV) and good electrical conductivity and wide band gap (~3.4 eV) make it
a good candidate for implementation in opto-electronic devices such as solar
cells**?, OLEDS*, LEDs*® and TFTs’. Some of these properties such as
luminescence, although interesting, are beyond the scope of the present
thesis and therefore will be excluded from this overview. The literature

9,27-31 and

production on ZnO is quite wide including book?®, several reviews
thousands of articles, therefore only the aspects which were of primary
importance for the present study will be revised.

ZnO can have three different crystallographic structures, zinc blende,
rocksalt or wurtzite, the latter being the most stable under ambient
condition’. In this structure Zn is tetrahedrally coordinated by 4 oxygen
atoms and oxygen atoms are tetrahedrally coordinated by 4 zinc atoms. The
structure consists of an hexagonal close packing of oxygen atoms with the
zinc atoms filling half of the tetrahedral holes'®*?. The wurtzite structure has
a hexagonal unit cell with lattice parameters a=3.2489A and ¢=5.2049Aand
belongs to the space group P63me.’ Band structure calculations show that

7Zn0 is a direct gap semiconductor, with both conduction band minimum

and valence band maximum occurring at the I' point®’.
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Figure 4.1 Crystal structure and band structure calculation of ZnO. Taken

from 27.

In its stoichiometric form it is insulating, however, native defects
make it an n-type semiconductor under most of the growth condition. The
origin of this unintentional doping is still a matter of debate. Historically, it
was attributed to oxygen vacanciesand Zn interstitials™''*"**2° however
recent studies showed that these defects are respectively lying too deep to
make any reasonable contribution to the conductivity or have a high energy
formation so their concentration should be low''*’?*. The presence of
hydrogen impurities have been proposed in order to account for the
spontaneous conductivity’***’, however further studies showed that
conductivity persist even when hydrogen was not present or had been

1
removed'

. Conductivity can be further improved by substitution doping
on the cation. It was demonstrated that B, Al, Ga and In and can act as
effective doping elements. In the present thesis only Al doping (Al:ZnO,
AZO0) will be taken into consideration. Recently several attempts to produce
p-type ZnO were reported, however there are strong limitation in the
reproducibility and stability’-728-30-3944,

From the optical point of view, ZnO has a direct band gap of 3.37 eV
and a refractive index of 2.008%° One of the major feature of ZnO is that
both the band gap and its refractive index can be modified to meet desired
properties (anti-reflecting properties or control of the band lined up by band-
gap engineering'*"*?7)

On industrial scale, ZnO is produced mainly by plasma enhanced

chemical vapor deposition (PECVD) or magnetron sputteringlz, however
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several other techniques (PLD'**** CVD", or SP*") are routinely
employed on small scale for its deposition.

It is understood that processing conditions have a large effect on
determining the TCO propertieslz. In this regard an extensive study has been
carried out on deposition of ZnO and Al:ZnO by spray pyrolysis. The
purpose of the studies was not to achieve the record conductivity but to
understand the effect of the chemicals in obtaining the desired physical
properties. Since most of the chemicals involved are also used in CVD,
results are not confined to the spray pyrolysis technique but are more

general.

4.2.1.  Effect of the chemical

precursors on the properties of deposited

film

In this chapter the results from the optimization of deposition
parameters for ZnO and Al:ZnO will be presented.

Decomposition temperature for each precursor was varied from 573 to
723 K, with steps of 50K. For the sake of simplicity the temperatures
reported are the ones referring to the heater set point. However, in order to
measure the thermal gradient across the glass slide and cooling power due to
the air stream and the spray solvents, a type K thermocouple (nickel-
chromium) was placed in test experiments within 1 mm above the glass
surface, in a region where the reaction is expected to happen. For the actual
sample growth this was removed to have an unobstructed sample surface.

For the synthesis, all the chemicals were purchased from Sigma-
Aldrich and used without any further purification. The solvents employed
were methanol, ethanol, both HPLC-grade, and deionised water. For
selected samples, a mixture of them was used. For the ZnO synthesis,
Zn(CH3CO0,),-2H;,0, Zn(NO3),°6H,0, and ZnCl, were used as Zn source. In

all cases a 0.2 M solution was used.
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The following precursor solutions have been used for sample growth:
zinc acetate was employed both with water, methanol and a mixture of
ethanol/methanol equal to 70/30. The use of this has been necessary in order
to speed up the dissolving process. Moreover in order to test the influence of
water as solvent, mixtures with ratios of CH;0OH/H,O equal to 75/25, 50/50,
25/75 have been tested as well.

The ZnCl, precursor was employed either with water, methanol and
ethanol, as well as in a mixture of H,O/CH;CH,OH. The Zn(NOj3),-6H,0
precursor was used just in full methanol, based on the results for the other
precursors. In this case extra care needed to be taken in the preparation of
the solution in order to avoid the possible auto-ignition of the solution itself.

For all samples the liquid flow rate was fixed to 2.66 ml min™, the gas
flow was 14 1 min™'. The best decomposition temperature was 623 K for the
acetate and nitrate precursors while for the chloride the decomposition
temperature was 673 K.

Doping has been carried out employing Mg(CH3CO;),"4H,O and
MgCl,'6H,0 as magnesium source, AICl39H,O0 and AI(NO;);-9H,O and
Al[OCH(CHj3),]5 for aluminum. For the dissolution of the aluminum
isopropoxide, a mixture of 70% isopropanol and 30% methanol has been
used. The optimum concentration ratio of these doping agents was
[Mg]/[Zn] = 10% and [Al]/[Zn] = 4% (solution concentration). These values
have been chosen taking into consideration the data reported in literature** >’
and the results of the screening procedure carried out over a larger range of
Al/Zn and Mg/Zn ratios. Due to the small fraction of doping agent present,

all other parameters were kept as reported above for the undoped ZnO.

4.2.2.  Role of solvent

The role of solvent has been tested employing both zinc acetate and
zinc chloride as precursors. Using the organic precursor, the ZnO layer was
obtained employing water, methanol or a mixture of them. Several films
have been grown changing the solvent compositions (ratio between water

and methanol) as follows: 100/0, 75/25, 50/50, 25/75, 0/100. All the other
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parameters were kept constant. Despite the different solvent composition,
from the crystallographic point of view, all the samples consist of just one
phase, zincite (PDF number 01-074-0534), with hexagonal structure. No
traces of unreacted precursors have been found (acetate: PDF-033-1464,
chloride: PDF-01-072-1285). The refinement carried out with MAUD
indicates that the cell parameters are: a =3.246A, ¢ =5.2058 A. The sample
grown in pure methanol and the one with a solvent composition containing
25% of water show dominantly (002) oriented crystals, while for all the
others, a good fit can be obtained only assuming that the sample is
composed of different micro-crystallites, some of which have a (002) and

others have (100) preferred orientation.
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Figure 4.2 Effect of the solvent composition on the crystallographic (a) and
optical (b) properties of ZnO: (A) 100%water, (B) 75%water - 25% methanol, (C)
50% water-50% methanol, (D) 25% water — 75% methanol, (E) 100% methanol.

The presence of the salt was not interfering with the preferential
growth of (002) oriented films when methanol was used as solvent. In fact
SEM top view of films grown by using water shows random facets, while
for film grown by using methanol hexagonal structures are clearly showed

(Figure 4.3).
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Figure 4.3 SEM top view of ZnO:Al (Zn:A1=98.5:1.5)in three different

solvents, (a) water, (b) a mixture (50:50) of water and methanol, (c) methanol.

Only the methanol grown films are smooth enough to observe typical
Fabry-Perot oscillations. For high water content, the absence of such
oscillations is due to the diffuse scattering of light, which prevents the
formation of a regular pattern of constructive and destructive interference.
Surface roughness is related to the physiochemical properties of the solvents
themselves, as it will be illustrated later in the chapter, to the thickness of
the samples and to the growth rate, which, in turn, is a function of liquid
delivery rate, precursors’ concentration, nozzle position with respect to the
substrate, deposition temperature. Moreover, for a given temperature, good
thermal contact between the heater and the substrate has a strong effect as
well. All these parameters have been optimized to keep roughness values as
low as possible, and thus, been able to use the Fabry-Perot oscillations to
determine the thickness. Whenever present, the spacing in energy between
two maxima of interference represents the AE value of equation 2.23
(Figure 4.4), while the refractive index value was taken from literature. For

those samples where no Fabry-Perot oscillations were visible, other methods
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such as weight of the glass slide, or, even better, cross-sectional SEM were

used.
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Figure 4.5 An example of Fabry-Perot oscillations for a sample with a

thickness of 615 nm.

The relationship between the morphology of the sample and the
solvent composition is straightforward. Smooth, good quality layers can be
obtained just by using methanol as solvent while the surface roughness rises
with increasing water content. The morphology of the film has a direct
influence on the optical properties of the coating (Figure 4.2b). Increasing
water content leads to a decrease in the transparency of the film. It is worth
noting that also the growth rate increases with the water content. This has
already been observed in literature in the case of the Sn0256. Nevertheless
the above mentioned decrease in transmission is not caused by the thickness
of the sample, but it is a consequence of the scattering losses at the rough
surface. In order to verify this, samples with a comparable thickness have
been grown employing a mixture of 50/50% water/methanol and 100%
methanol. For this purpose, the growth time has been shortened to account
for the higher growth rate of the water-based solution in comparison with
the pure methanol one. Usually the growth time was adjusted to get film
thickness in the order of 400-500 nm, however, during these studies, films
with thickness value spanning from less than 100 nm up to lpum were
deposited. For layers of similar thickness, those grown with water are
always rougher and hence show a lower transmission. Optical band gap

values as determined by linear extrapolation of the transmission data are
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found to be unaffected by the choice of solvent and was found to be 3.35

+0.05 eV.
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Figure 4.6 Oxygen concentration as a function of time for spraying of water
(dotted line), methanol (solid) and a mixture of water/ethanol (30/70, dashed). The
significant drop in the case of the organic solvents is caused by the oxygen

consumption due to the burning process.

In order to understand the major cause for the roughness, some basic
parameters have been monitored during the growth. As stated before, the
droplet size and the temperature of the surface play a crucial role for the
growth of a good layer. With respect to the particle size, it is easy to
understand that solvent with a low density create droplets with lower size,
which don’t impinge onto the surface. In this case the vaporization of the
solvent happens just above the surface leading to a heterogeneous reaction.
Therefore, it can be argued that, for this particular type of nozzle, the lower
density solvent creates droplets with smaller size and more homogeneous
distribution, improving the performance of the process. Nevertheless, this is
not the only role played by the solvent. In order to confirm this, three
samples were grown using pure water, pure methanol and a mixture
ethanol/methanol (70/30). For each sample the oxygen concentration in the
pyrolysis chamber has been monitored during the growth. The relative
decrease in the oxygen concentration suggests that the solvent burns during

the process (Figure 4.6). In fact the oxygen concentration drops down for all
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of the three solvents used but, in the case of the organic solvent the decrease
is much larger. In the water case the decrease is due to the change in
chemical composition of the atmosphere inside the chamber as water vapors
replaces air, while for the organic solvent the change is either due to the
combustion products (mainly water and CO,, even if the presence of the co-
product cannot be excluded), due to unreacted solvent and due to the oxygen
consumption caused by the burning of the solvent. As the solvent burns
mostly in the vicinity of the surface, the exothermic burning will provide
additional heating to the salt decomposition. In order to confirm this
hypothesis, the power supplied by the heater in order to keep its temperature
constant, was analyzed. To keep the heater at 423K during the deposition in
the case of water, 63 W was needed, while in the case of methanol less
power was required (50 W). As the temperature within the heater is a
function of cooling power of the sprayed solution and the thermal
conductivity of the substrate, these results already show the importance of
an active temperature control, as the reduction in surface temperature is
partly compensated by the adjustment in heater power, leading to more
reproducible surface temperatures. However, even with this active
compensation, different solvent have shown different cooling rates which
influence, to different extent, the actual surface temperature. To quantify
these, a thermocouple has been attached to the glass slide surface and the
heater has been set to a constant power value able to keep it at a similar
temperature. In this way the effect of the closed loop system has been
cancelled. Due to its position, the temperature monitored is relative to the
layer of air just above the glass surface (within 1 mm), where the reaction is
supposed to happen. The cooling power due to the air stream itself, the
water spray and due to two organic solvents has been measured. The data
revealed that the temperature above the glass slide is 651 K when the heater
reading is 615 K. Due to the cooling caused by the air stream, the glass slide
temperature drops down to 591 K. When the water is sprayed, the surface
temperature decreases further to 573 K, while for methanol the temperature
doesn’t vary with respect the value measured for the air stream. In this case
no precursor salt has been added to the solvent and therefore the properties

measured are related just to the solvent used and hence universally
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applicable to any other pyrolysis growth process. It can be seen that the
largest drop of surface temperature of ~60 K is caused by the air stream.
Absolute values of this decrease are highly dependent on the heat capacity
of the heater, and also the air pressure. For piezo-electric nebulizers this
drop should be less significant due to the lower gas flow.

Water has shown a greater cooling rate due to its evaporation (18
degrees), while the organic solvent burns, hence compensating the cooling.
In fact considering the enthalpy evaporation process for both the solvent
(AeH(H20) = 40 kJ/mol, AyH(CH30H) = 35 kJ/mol) and the respective
sprayed moles (0.15 for water and 0.067 for methanol), the drop in
temperature for methanol should be roughly half of the water one. In other
words, assuming a drop in temperature of 18 degrees for water, the expected
value for methanol should be 8 degrees. The fact that no temperature drop
was observed can be explained if we accept that the methanol burns in the
process thus releasing energy. If the heater temperature is controlled by a
closed loop system, the drop caused by the air blow or water sprayed is
lower compared to the open loop (50 K vs 60 K for air and 15 vs 18 for
water). The reason is that the heat loss due to air/water is partially
compensated by increased power of the heater. Within the error of our
measurement no difference in either oxygen concentration or surface
temperature has been found between methanol and ethanol. This can be
explained only if the burning of the ethanol is incomplete. In fact the
standard enthalpy of combustion of ethanol and the relative oxygen
consumption are higher than for methanol. Nevertheless, the calculation of
the overall quantity of oxygen inside the chamber shows that this is not
enough to completely burn the solvent sprayed.

Although direct temperature measurements have been performed only
with pure solvents, our indirect measurements (required heater power and
oxygen consumption), carried out during deposition, show that these effects
are generically applicable for solutions including different precursor salts. In
fact, when the same tests have been repeated for the chloride precursor,
higher power consumption and lower oxygen depletion have been observed
for water than for the organic solvent. Again, no significant differences in

heater power and oxygen concentration between methanol and ethanol
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solutions have been observed. The general nature of this behavior can be
explained as the low quantity of salt present in the solution (~0.2M) does
not significantly alter the solvent burning process. However, absolute values
may differ due to different spray rates, temperature or even initial conditions
of the growth atmosphere.

To conclude, the higher growth rate observed for water grown films
cannot fully explain the difference in the observed roughness of the films. In
particular, some of the circular rings characteristic of water grown films,
like those clearly visible in Figure 4.9, can only be explained by the
difference in the physiochemical properties of the two solvents.

Some of these remarks are due to the use of water in combination
with an air blast nozzle, and thus they can be minimized or even completely
overcome by using a different type of nozzle. Other results are strictly
linked to the physicochemical properties of the solvents and they will not by
using different type of nozzle. In particular, smoother samples can be
obtained by using water if an ultrasonic nozzle is used rather than an air
blast. In order to test this concept, a nebulizer identical to those used for
medical treatments, was tested. Visible smoother films could be obtained,
however, such a rudimental set-up was immediately abandoned due to the
many disadvantages it presents: difficulties in mounting it in the existing
spray pyrolysis chamber, no possibility of refilling the solution reservoir and
small reservoir capacity, no possibility of direct control of the pressure to
the nozzle (which had to be manually controlled), chemical compatibility
with only some of the precursors used, and, finally, only small size samples
could be deposited. Commercial solution of this type of nozzle are available,
however, ultrasonic nozzles are much more expensive and have a narrow
range of chemical compatibilities, which make them less suitable for a

screening procedure, as it was the final aim of this PhD studies.

4.2.3.  Role of the precursors salts

As stated before, smooth, good quality layer can be obtained by using

zinc acetate in methanol. In contrast, using zinc chloride led to rough
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discontinued layers, either in combination with organic solvents, water or a
mixture of them. We relate this to different co-products that are formed
during the pyrolytic decomposition of the two different precursors.

If zinc acetate is used, the pyrolytic decomposition leads to the

formation of zinc oxide according to the following reaction:

Zn(CH3CO,),2H,0 = CH;COCH;3;, CH3CO,H, CO;,

The thermal decomposition of this precursor has been studied in
literature using the thermal gravimetric analysis (TG) coupled to the
differential thermal analysis (DTA)’. The results show that the organic
chain undergoes a series of reactions that ends up with the production of
volatile molecule, such as acetone, acetic acid and carbon dioxide), while
the zinc ions react with the oxygen present in the atmosphere or in the water
to form the correspondent oxide. This is deposited as a thin film onto the
glass slide. The chloride decomposition instead, leads to the formation of

HCl as co-product according to the following reaction:

ZnCl, +H,0 —— ZnO + 2HCI
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Figure 4.7 XRD patterns of the sample grown by employing a mixture of
ethanol/water (70/30) as solvent and zinc chloride as precursor. The peaks are

relative to the phase ZnCIOH

The poor surface morphology of the films grown using ZnCl, can thus
be attributed to the presence of HCI, which induced a chemical etching of

the surface, leading to a rough, not closed film. This explanation is
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supported by the detection of the zinc chloride hydroxide phase, (ZnCIOH,
PDF n 01-072-0525, Figure 4.7) in the sample grown employing a mixture
of ethanol-water solution at 623 K. According to the TG-DTA studies
reported in literature®®, the decomposition of this oxy-chloride is a complex
process that involves different pathways and intermediates, that ends with
the formation of the hydrochloric acid and zinc oxide. Therefore it can be
concluded that the decomposition of the precursor actually occurs, but, the
intimate contact between the acid and the oxide leads to the degradation of
the latter one.

The same reason can be advocated to explain the roughness of the film
obtained by using zinc nitrate as precursor (PDF-25-1231). In this case the

overall reaction is:

Zn(NO3),'6H,0 e NO; + NO +0; +6H,0

Nevertheless, the TG-DTA studies reported in literature™®,
established that the thermal decomposition of the Zn(NOs),"6H,0 is again a
complex process, for which different pathways are available. In particular
the decomposition of the nitrate fraction can occur directly with the
formation of the nitrogen oxides species (NO, and NO) or can involve the
formation of many different hydroxide species as intermediates, leading to
the formation of nitric acid as intermediate and its further decomposition.
According to other authors, the decomposition pathway of these species is
temperature dependent, and for intermediate values, the formation of HNO;
has been confirmed. At higher temperatures, the direct decomposition
represents the main reaction. So, even if the temperature for the
decomposition of this compound has been set in the latter range, it is worth
noting that while the precursors are carried towards the substrate, they
experience a thermal gradient which may lead to the formation of the
corresponding acid. Thus, it can be argued that the same basic explanation
carried out to justify the chemical behavior of the chloride precursor, can be
extended also to the nitrate one. In other words, the formation of a strong
acid as intermediate or final product of the pyrolytic reaction leads to the
degradation of the film which thus results in a high roughness. We have
shown here, that for ZnO growth this etching process is limiting the quality
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of pyrolysis grown films. Although the acid formation is a generic problem
when chlorides and nitrates are used, the actual impact for a given oxide can
be quite different as it depends on the stability of the oxide with respect to
HCI and HNOj. The etching process can have a significant impact not only
to the morphology but also the growth rate itself and even texturing, if there
are different etching rates for different crystallographic faces®'.

In order to confirm the general nature of the problem of acid
formation for the ZnO growth, a doping study of the films has been done
employing different precursors as the cation source. If this is a generic
problem, poorer films are expected whenever inorganic salts were used as
doping agent. In fact, in the case of significant Mg doping (10%), no closed
film can be obtained if chloride salts have been used as zinc and magnesium
source, while closed films have been obtained if zinc acetate was used. In
this case, doping has been made both with chloride and acetate as
magnesium source. Even the relatively small amount of MgCl, leads already
to a degradation of film quality and a higher transparency is obtained for the
organic precursor (Figure 4.8a). The rougher sample due to the etching
process from HCIl formed with the MgCl, precursor has a lower UV
transmission due to the enhanced scattering losses.

The same approach has been adopted for the Al doping. In this case
the nitrate, the chloride and an organic precursor have been tested. As in the
previous case, when the chloride or nitrate precursors were used, the film
was rough and less transparent. If the organic precursor was used, smooth

and highly transparent films were obtained (Figure 4.8b).
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Figure 4.80n the left (a) the specular optical transmission of ZnO:Mg
samples grown by using different Mg precursors. (solid curve) magnesium acetate,
(dotted) magnesium chloride. On the right (b) the specular transmission for
ZnO:Al grown employing aluminium isopropoxide (dotted curve) aluminium

nitrate (dashed curve) and aluminium chloride (solid)

Acids formation from inorganic salts in the reactive atmosphere
increases surface roughness and hence decreases transmission. However
they also have important consequences also on the electrical properties. For
this study, Al isopropoxide was later replaced by another organic precursor,
Aluminum acetyl acetonate Al(acac);. This choice was made because,
despite of the fact that Al isopropoxide was a good precursor for obtaining
good optical properties, however it was difficult to dissolve, making the
entire deposition process quite complicated. The effect of different solvents,
i.e. water and methanol, on the electrical properties was tested as well by

using the same Al salts, AICl;.
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Al precursor (2%) Solvent p (Qcm)
Al(acac), Methanol 51 0'2

-1
AICI3 Methanol 1-10
AICI 5 Water 215
AI(NO})} Water 4

Table 1 Effect of different precursors and solvent on the electrical properties

of ZnO: Al as deposited (without post-annealing treatments).

Different concentrations (0-5%) and different deposition temperatures
(653-753K) were screened. The optimum Al concentration for getting the
highest conductivity was found to be 1.5-2% and deposition temperatures of
693-723K. Below this range, the grow rate was very poor, while above this
range, degradation of the electrical properties was observed. Overall the best
electrical properties were found for Al(acac); in methanol. Again the solvent
showed an effect on the electrical properties as for AICl; an increase in the
electrical resistivity was observed when water was used as solvent. This was
attributed to an increase in the number of grain boundaries. In fact, when
cross sectional SEM images (Figure 4.9) are compared, for those grown by
using water, smaller grain structures are visible. This is a generalized
problem of using water as solvent for the growth of material with the air-

blast nozzle.
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Figure 4.9 SEM cross sections of ZnO:Al sample grown by using water as a
solvent(left) or methanol (right). The in-depth view shows the presence of rings due
to the evaporation of water droplets which are not present for methanol grown

films.
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In comparison with respect to chloride precursors, samples grown by
using nitride showed a higher resistivity. This was attributed to the
suppression of oxygen vacancies due to the formation of oxygen reactive
species during the decomposition of the nitrate moiety (Table 1). The
resistivities of samples grown by using zinc acetate as Zn precursor and
either chloride or acetate as Al precursor as a function of thickness are
reported in Figure 4.10 for both as deposited and post-annealed. Resistivity
values were calculated after determine both the sheet resistance and the
thickness of the sample. For the former, 4 point probes measurements in
linear configuration were used. This method, in fact, is quick and non-
destructive, does not required patterning of the samples, and since spring
loaded contacts were used, does not leave any residue of the material
forming the contact itself. This means that a large number of samples can be
screened without damaging, leaving them perfectly usable for further
characterizations. From the resistivity values, only a small dependence on
the film thickness can be noticed. This means that other parameters, such as
a good post-annealing treatment or good thermal contact during deposition
play a more prominent role with respect to the thickness of the films itself.
Hall measurements were performed only on a small set of sample, the
reason for this being that the samples needed to be cut in an appropriate size
and shape, silver glue was used to make the contact and the back of the
samples needed to be glued to the apparatus in order to performed the
measurements. After all this processes, samples were most likely useless for
any further characterization. Nonetheless, for those samples analyzed, only
a small dependence of the Hall mobility and carrier concentration as a
function of thickness was observed. Short post annealing treatment in
nitrogen atmosphere helped to improve the electrical properties of ZnO:Al.
This was performed at 673K and during the treatment the sheet resistance of
the sample was monitored in order to stop it as soon as the minimum
conductivity was reached. In this way a minimum resistivity 7x107Qcm
was obtained. This value is lower than what is normally obtained for
ZnO:Al grown by RF sputtering (1x10*Qcm) but comparable with the

record for spray pyrolysis grown films 3x10°Qem.*’

74



0.4

thickness , d, (nm)

thickness , d , nm

11 =

10+ ® A i

of g

§ . z 1l

G ¢ 5 @

* d 2 1 o Tt =1

=

S ook o™ i 2 § of £

z S s :
. = ;

2 &!o s A ¥ g =

2 o £ 3l 2

“'m’ Qo ‘? 3 -—5 3

I gt o S 2pp 1
“ E v ¥ é‘ g

o % B

0%4 1 1 1 £ n 1 1 0 n 1 n i 1 1 1 vw
50 250 450 650 850 1050 1250 50 150 250 350 450 550 650 750 850

Figure 4.10 On the left: resistivity values for a large set of samples as a
Sfunction of the layer thickness. Full symbols are for as deposited samples while
open symbols are for post-annealed samples. Different shapes are representative of

the different Al precursors and Al concentrations used: 4 Chloride (2%),

A Al(acac); (2%), mAl(acac); (1.5%), #Al(acac);(1%). On the right, the
mobility and carrier concentration as a function of thickness. All samples
are grown by using Al(acac); as precursors except for the samples with a

thickness of 75 nm for which chloride was used as Al source

4.2.4. Conclusion

A systematic study on the influences of different solvents and
precursor salts on the performance of the spray pyrolytic deposited ZnO and
ZnO:Al has been presented. In particular the role of the solvent has been
correlated to the optical properties of the layers deposited. A correlation
between the physical and chemical properties of the solvent, the type of
nozzle used and the structural, morphological, optical and -electrical
properties of the layer has been established. Summarizing, when relative
simple air blast nozzles are used, a low density, volatile solvent is required
in order to get smaller droplets size and favor the evaporation of the solvent
itself. Moreover, the burning of the organic solvent during the deposition
has been demonstrated. It has been established that this process can actually

compensate the cooling power of the liquid in itself, affecting one of the

75



most important parameters of the entire process: the actual temperature at
which the reaction occurs.

The role of the precursor salt has been systematically investigated
with three different types of precursor, namely the nitrate, the chloride and 2
organic one (isopropoxide and acetylacetonate for Al, acetate for Mg and
Zn). For all the three cations, the best results have been achieved employing
the organic salt. The reason for this can be ascribed to the decomposition of
the organic moiety which leads to the formation of volatile, inert products.
Instead, the anion moiety decomposition can lead to the formation of strong
acids as intermediate or final products, and higher film roughness has been
observed. This has been attributed to the chemical etching that these acid
species induce. The roughness so created, determines a degradation of the
optical properties of the compound. Secondly, the choice of doping
precursor salt and solvent can influence the type of carrier responsible for
the electrical properties (via the formation of different defect complexes),
their concentration (due to differences precursor decomposition rate) and
possibly variations in the grain boundary microstructure (different overall
morphology).

In order to boost the conductivity, a post-annealing treatment is
required. So far, this was performed in nitrogen atmosphere at 700 K for
short time. In the future, however, other conditions will be tested: improving
the reducing potency of the annealing atmosphere, by using for example
pure hydrogen or forming gas, could be beneficial for improving the

electrical properties.
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4.3. Modification of standard ZnO for
usage as internal anti-reflecting layer:

introduction

Single absorber thin film solar cells have a rather simple layered
structure consisting usually of a front glass substrate, a TCO front contact,
the active p-n or p-i-n junction and a metallic back contact. Such simple cell
design leads to reflective losses at the interfaces in particular the air/glass,
the glass/TCO and the TCO/absorber interface, simply due to refractive
index mismatch.

The total loss due to these interfaces has been estimated to be 15-20%
at normal incident light, 20-25% at 30° incident light and 30-40% at 60°
incident light. For the air/glass interface solutions do exist and are
commercially available®’. They consist of either patterning of the front glass
or cover it with a dielectric medium mostly composed by SiO, nano-
clusters. For solar cells application only the second is meaningful. For the
internal interfaces however, solutions have been considered only recently®.

In simple terms, the advantage of using anti-reflecting coatings in a
solar cell is to increase the amount of photons reaching the absorbing layer.
In order to do that a material with a suitable refractive index and an
appropriate thickness must be chosen. The refractive index of the anti-
reflecting layer is related to that of the 2 medium via equation 4.1 for a

given wavelength.

R 4r = Al PgiassMrco 4.1

For example, for the glass/TCO interface at 600 nm, ngu~ 1.5 and
nico~ 1.95. This means that an ideal anti-reflecting layer should have a
refractive index of 1.71 at this wavelength.

The refractive index of TCOs is most likely featureless, while those of
absorbing materials have strong dispersions. Hence it is unlikely that a real
material can act as an anti-reflecting layer on the entire spectral region of

interest for the work of a solar cell. However, it can be appropriate to try to
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maximize the improvement in the region where the absorber is most
efficient, the spectra irradiance of the sun is at maximum and the
thermalization loss is at minimum. These three contributions have been
included in the calculation performed by Dr. Karsten Fleischer via the so
called “weighting function”. To this end the thickness and the dielectric
function can be tuned in order to bring the maximum of the Fabry-Perot
oscillations at those wavelengths where the best compromise for the three
above conditions is achieved. The appropriate thickness is chosen by
centering one of the maximum in transmission (minimum in reflection)
around this optimum wavelength. Since both the rays reflected at the top
and at the bottom of the layer will suffer a 180° phase difference with
respect to the impinging ray, in order to get a minimum in reflectivity, the
path difference between the two reflected rays must be equal to A/2n. Since
the radius reflected at the bottom of the AR layer travels a distance which is
equal to twice of the thickness d, it follows that a minimum in reflection
occurs when equation 4.2 is satisfied.

2d=1/2n 4.2

In order to estimate the impact of such improvement, Dr. Karsten
Fleischer calculated the efficiency gain of a modified solar cell with respect
to a standard a-SiH solar cell, taking the values of quantum efficiency and
band gap as reported in reference64. The ideal properties of anti-reflecting
coating, i.e. thickness and dielectric function, were determined. With the
present studies, I attempt to deposit materials suitable to meet such
requirements. Some ideal candidates, such as spinel MgAl,O4, were not
suitable for deposition, as the temperature required is above those
achievable with the deposition set up used.

The most promising candidate is represented by heavily aluminate
zinc oxide. For this purpose the aluminum content was increased beyond
what normally used for classical AZO, up to a solution ratio of Al:Zn equals

to 70:30.
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4.3.1.  Characterization of heavily
aluminate ZnO to be used as internal

anti-reflecting coating.

Samples were grown by spray-pyrolysis using zinc acetate and
aluminum acetylacetonate as precursors. The solution concentration was
varied from 0.1 up to 0.2 M (total molarity Zn+Al). The aluminum ratio of
the hypothetical material Zn;.<AlOy in solution was varied (x=10, 15, 20,
30, 40, 50 and 70). Growth time was varied in order to get different layer
thickness for higher accuracy in dielectric function determination. Samples
were subjected to structural and optical characterization. In particular UV-
Visible spectroscopy and spectroscopy ellipsometry were performed.
According to the XRD, the structural properties of ZnO become
progressively altered by the presence of increasing quantity of aluminum up

to the point when a pseudo-amorphous structure is formed (Figure 4.11).
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Figure 4.11. XRD patterns of Zn,.Al.O,:(—) x=15, (—) x=20, (—)x=30,
(—)x=50. As the content of Al increases, the crystallinity of the film decreases.

The dielectric function of the material has been determined by

spectroscopic ellipsometry at three different angles of incidence (55°, 60°
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and 65°). The ellipsometric data were fitted by Dr. Fleischer by using a 1D
bulk critical point as model function, able to take into account the strong
excitonic peak, for films with low Al concentration, while for films with
high Al concentration a simple oscillator was used to represent the band-gap
(Figure 4.12). Overall 5 different parameters were used: the constant
dielectric background &, the oscillator strength A, the broadening I, the
position and the film thickness. Several films with different thickness have
been examined. The error bars in the graph are representative of the
scattering between the determined dielectric function over several samples.
In order to verify the validity of the model, the transmission data were

compared as well.
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Figure 4.12 Change in the refractive index and extinction coefficient with
increasing Al concentration: (—) ZnO, (—)ZnyAl30,, (—)ZnspAlsO,,
(— )Zn»Al30,. The blue line in the refractive index plot is representative of the

refractive index of an ideal anti-reflecting coating.

The UV-visible spectroscopic data and the ellipsometric data show
that as the aluminum content is increased, the refractive index lowers down

and band-gap opens up Figure 4.12 and Figure 4.13a.

80



100

80
\° S
80 |- <
St
2
=]
i, s 60
L O
i o ;
8 I =
g E
£ o 40
@ 40 g
=} 54
= E
& 2
20 H 8
=
| N T T 0 - e n
300 400 500 600 700 800 900 1000 L5 20 25 30 35 40 45
wavelength, A , nm photon energy (eV)
a b

Figure 4.13(a) UV-Visible transmission measurements of Zn, Al.O, with
increasing Al content: (—)x=0.15,(—)x=20,(—)x=30,(—)x=50. It is worth noting
that the increase in transmission cannot be attributed to lower thickness. (b) A
schematic representation of the way to enhance the efficiency of the cell by using
reducing the loss due to reflection: the grey area represents the efficiency of the
absorber as calculated by using the weighting function, (— —) transmittance of a
glass/TCO stack, (—) transmittance of a glass/ideal AR/TCO stack,(—)glass/real
AR/TCO stack.

In Figure 4.13b the method to improve the cell efficiency is
schematically represented. In the stack used for the calculation, the
thickness oscillations have a minimum right where the absorber efficiency,
as calculated via the weighting function, is the highest. By inserting an anti-
reflecting coating, that minimum in transmission is converted into a
maximum around the region of maximum efficiency and thus an
enhancement of 2.3% in the light transmitted into the absorber can be
achieved. If the quantum efficiency of the absorber (a-Si:H) is taken into
account this translates directly into a relative gain efficiency of 1.9% (for
example if the efficiency of the cell is 10%, with the anti-reflecting layer an
efficiency of 10.2 % is expected). For the real materials taken into
consideration, the optimum was found to be on a ratio Al:Zn of 0.67
(Zng 6Alo40y), for which a relative increase of 1.7% is expected. It is worth

noting that the simulated transmittance of such material is quite close to the
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ideal case. For lower content of aluminum, the refractive index is too high,
while for higher Al content the refractive index is too low.

Next steps will be represented by inserting this material into real solar
cells. This will be done under the grant scheme of the Ulysses Project 2012

in collaboration with the University of Nantes.
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4.4. Tin oxide and Fluorinated Tin

Oxide (FTO)

SnO; is an important wide band gap semiconductor and the second
most widely use n-type TCOs. It is of great interest in corrosive
environmental applications due to its high stability. This includes
application such as batteries, low e-windows, gas sensors and solar cells’.

It crystallizes in a rutile structure where the tin is in an octahedral
coordination by means of the 6 oxygen atoms and each oxygen is
coordinated by three tin atoms'®. This structure can be regarded as a
hexagonal close packing by the oxygen anions where the cations occupy
half of the octahedral holes'®. The tetragonal unit cell (P4,/mnm) has
crystallographic parameters a=4.738 A and ¢ = 3.188A% (Figure 4.14).

Figure 4.14. Crystal structure and band structure calculation of SnO,. Taken

respectively from 66 and 67.

According to the band structure calculation, direct optical band gap
occurs at the I" point, with an experimental value usually around 3.6-3.9eV®’
(Figure 4.14). The conduction band minimum comes from the highly
disperse Sn 5s states giving rise to a high electron mobility. The valence
band maximum instead comprises of O 2p states and some Sn 5d, with a
low dispersion of the valence band maximum. This explains why SnO, is a

poor p-type conductor while is a very good n-type conductor”.
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Indeed, tin oxide is a transparent conductive oxide even in its undoped
state. The conductivity is most likely attributed to an intrinsic non-
stoichiometry, created by the presence of oxygen vacancies (V,) and
interstitial tin (Sn;) inside the structure, which are easily tolerated due to the
multivalence of tin®*®. Spontaneous acceptor-like intrinsic defects, like
interstitial oxygen or tin vacancies are absent, therefore the electrons
released by theV, or Sn; are not compensated. However, in order to further
improve the conductivity, tin oxide is generally doped, either with Sb or F
7072 as substitutes for tin and oxygen respectively. Fluorine is normally
preferred to antimony because, at high doping concentration, a reduction in
the mobility and lower transparency has been observed for Sb doped films’""
73 The decrease in mobility and conductivity for cation doping with respect
to an equivalent anion doping can be explained by taking into consideration
that the conduction band in oxides is derived mainly from metal orbital.
Thus a strong perturbation in the conduction band is produced by the cation
dopant, enhancing the scattering of the electrons. In contrast when fluorine
is substituted for oxygen, the electronic perturbation is mostly confined to
the filled valence band, and thus the impact on the scattering process is less
pronounced’®. For these reasons FTO is a widely used TCO in both CdTe
and amorphous silicon based solar cells””. The best commercial FTO (Ashai
U-type) shows a transparency of 80% in the visible range and a resistivity of
1.4:107° Qcm’®. Although extensively used in research laboratories, this
product is not yet ready for a large scale industrial application '®. Therefore,
deposition of FTO is still being studied in order to achieve good quality and
low cost. To date, most of the production of FTO is done by inexpensive
spray-pyrolysis on glass, achieving a good compromise between cost and
perfonnancelz. On a laboratory scale, SnO;-based films are grown with a
wide range of deposition techniques such as sputtering, sol—gel, and various
chemical vapor deposition (CVD) techniques '>"".

It is well known that widespread use of solar cells will only be
possible if abundant, non-toxic materials are used and if a fast, inexpensive
and scalable technique is available for the deposition. Usage of toxic

compound in a production line increases the cost considerable because of

the need of additional encapsulation, safety measurements and recycling
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plan in order to protect both the workers and the environment’*. For a long
time CBrF; has been used as F source for CVD. However this is a
greenhouse gas which has been gradually phased out from the market’®.
Thus an alternative fluorine source is needed. For this reason either HF or
NH4F have been often reported as F source in spray pyrolysis and other
CVD techniques """, However both of them are classified as toxic. For
this reason, an attempt to address this issue was made by testing an
alternative fluorine source, i.e. benzenesulfonyl fluoride. At the time the
experiments were performed, this material was classified as non-toxic.
Recently this classification has been modified and nowadays it is classified

as toxic, nonetheless it has been proved to effectively act as F-dopant.

4.4.1.  An alternative fluorine
precursor for the synthesis of FTO:

benzenesulfonyl fluoride.

Two different precursors have been used as tin sources (dibutyltin
diacetate (DBTDA) and tin chloride pentahydrate (SnCly-5H>0).
Ammonium fluoride (NH4F) and benzenesulfonyl fluoride (BSF) were used
as fluorine source. For both fluorine precursors, different Sn:Fsolution ratios
(at.%) were investigated, namely 50:50, 67:37, 80:20, 91:9. The best
decomposition temperature was found in range 723-753K.

For DBTDA and SnCly-5H,0 a 0.1M solution has been prepared using
methanol or ethanol as solvent. It was experimentally verified that film
quality was not affected by the choice of either one of the two solvents.
Methanol is less expensive, however ethanol is not toxic. The deposition
temperature was screened over a range spreading from 693K to 773K in
steps of 10K for each precursor. The best performing samples have been
grown using SnCl;SH,O at 753K. When DBTDA was used, the nozzle was
allowed to scan laterally in order to improve the homogeneity of the

deposition. The scanning amplitude was restricted to + 0.02 m. Moreover
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when SnCls-5H,0 was used as a Sn source, discontinuous growth provided
better samples: in this case, every 2 minutes, the spraying was switched off
and the sample was annealed for 2 minutes. However the overall time of
spraying, and thus the amount of material used for the deposition, was the
same as in the continuous growths. Deposition time was set to 10 minutes.
Due to different precursors used as tin source, thickness values range from
500 to 700 nm, with higher growth rate for tin chloride. The thickness of
each sample was measured optically after the growth.

Microscope glass slides (Fisher brand, thickness 0.8-1 mm) or cover
slips (Roth, thickness 0.17 mm) were used as substrates. The actual
composition of each sample was investigated by X-ray photoelectron
spectroscopy (XPS). Samples have been cleaned in-situ using 5 min of Ar
ion sputtering at 3x10™* Pa, 1.5 kV beam energy and an ion target current of
6pA using an Omicron ISE 5 cold cathode ion sputter source. Experimental
data were analyzed using the CasaXPS software.

Optical properties ~ were investigated by UV-Visible
spectrophotometry and Tauc plot was used to determine the band gap.
Spectroscopic ellipsometry (SE) was used to determine the thickness of the
samples. Data were collected in the energy range from 1.5 to 5 eV, at three
different angles of incidence (55°, 60°, 65°). Multiple angle measurements
are required in order to decouple the correlation between the refractive
index (n) and the thickness of the sample (d). Experimental data were fitted
by Dr. Karsten Fleischer, using a multilayer model consisting of air, a rough
surface area, the thin film and glass. The line-shape of the dielectric
function of the film was reconstructed using a three dimensional critical
point®. The parameters associated with it (amplitude of the critical point,
the threshold energy, the broadening and the excitonic phase angle) as well
as the thickness of the sample were introduced as variables, whose values
were optimized via an iterative fitting procedure with respect to the raw
ellipsometric data at multiple angles. To further confirm the validity of the
data acquired in this way, transmission measurements were analyzed, using
database refractive indices for FTO. The thickness values determined via the
ellipsometric model and via spectrophotometry coincide within the

experimental error of £20 nm
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Electrical properties were investigated in standard 4 point probe
square geometry. Due to the previously mentioned differences in the growth
rates for different precursors, film thickness varied between samples.
Therefore resistivity values will be determined using the optically
determined thickness value of each sample. Selected samples were also
subjected to Hall measurements in order to determine both mobility and
bulk carrier density. Colloidal silver paint was used to provide ohmic
contacts. The same system was used to investigate the dependence of the
sheet resistance on temperature in a range from 70 to 300 K, allowing the
determination of the activation energy for the carriers. For completeness, all
the optical and electrical properties of in house grown samples were
compared to those of 2 reference samples: a commercial sample obtained
from Solaronix (REF-1) and a spray pyrolysis sample grown independently

by another group (REF-2)

4.4.2. Results and Discussion

Optical properties of undoped and fluorine-doped tin oxide were
investigated by spectroscopic ellipsometry and UV-Visible transmission
data. The best films were obtained at high temperature (723K) only if good
thermal contact was achieved between the sample and the heating elements.
For undoped tin oxide low temperature (around 653K) lead to brown
discoloration on the glass slide, with lower transparency and lower band gap
(3.70 eV for samples grown at 653 K versus 3.8 eV for those grown at
723K) (Figure 4.15)
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Figure 4.15 UV-visible transmission measurements and XRD patters of
SnO.samples as a function of temperature and precursors: (—) DBTDA and 753K,
(—) DBTDA and 653K. In the inset the band gap was determined via a Tauc plot:
(—) SnCl, and 753K, (—) DBTDA and 753K.

Even at high temperature, good thermal contact was required to obtain
good quality films. For example, the build-up of material as a result of
several depositions leads to worse thermal contact. As a consequence
inhomogeneity within the same glass slide arose with the appearance of
brown discoloration on the region with poor thermal contact. Moreover
differences in specular transmission could be found even for samples grown
using the same fluorine source, due to different scattering loss (haze). Haze
turns out to be caused by the roughness at the surface, whose value depends
on both the precursor used as tin source and deposition temperature. In
particular chloride introduces more roughness with respect to DBTDA.
These problems were lately overcome by depositing on cover slips rather
than glass slides. Tauc plot was used to determine the band gap values over
a large range of samples. A large deviation was found for virtually identical
deposition conditions. This is mainly due temperature fluctuation during the
deposition.

For FTO, the commercial sample (REF-1), the sample provided by an
independent group (REF-2) and in-house grown samples were analysed by
SE and UV-Visible spectroscopy. In the first set of samples, NH4F was used
as fluorine source and either SnCly or DBTDA as tin source. The line-shape
of the dielectric function was found to be consistent for all the samples
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analysed, in other words, no difference was found in the dielectric function
of REF-1 and REF-2 samples with respect to those grown in-house, and
neither between the samples grown by using chloride with respect to those
grown by using DBTDA. Band gap values were determined as the onset
position of the 3D bulk critical point. For all fluorine doped films, values
were consistently higher than those determined for the undoped SnO,. This
was attributed to the Bursten-Moss effect, which however was more
pronounced for the sample REF-1 (a commercial sample, Eg = 4.3+ 0.1)
than for the NH4F samples (4.0 = 0.06). These values are systematically
slightly higher than those estimated by the Tauc (3.8+0.1 for the NH4F
samples, 3.9 0.1 for REF 1) by 0.2-0.3 eV. Despite the consistent
overestimation of SE determined band gaps over a large set of samples, the
trend has always been consistent and therefore, for the second set of samples
grown by using BSF as fluorine source and, again, either the chloride or the
DBTDA as tin source, band gap values were determined by the Tauc plot
method.

Best performing FTO films were obtained at a deposition temperature
higher than 673K. At lower temperature (below 673K) no improvement in
the electrical properties was observed leading to the conclusion that either
the fluorine precursors do not decompose at this temperature or that fluorine
is not actively incorporated. Best room temperature resistivities for samples
grown using NH4F as fluorine source were found to be 1.4-10°Qcm and
1.6:10 Qcm with SnCly-5H,0 and DBTDA as Sn precursor respectively.
These values are below those of REF-1 (5:10 Qcm) and REF-2 (6-10'4
Qcm) but in accordance to other spray pyrolysis grown FTO films S8

In the main experiment, the alternative fluorine source (BSF) was
tested. In this case a screening of different temperature and ratio Sn:F has
been carried out, but, again, only representative samples will be presented.
Taking into consideration the resistivity, the best condition for the
deposition was found to be 753K with a Sn:F ratio of 50:50. In this
condition a minimum resistivity of 4.3 10° Qcm has been found using
SnCly-SH,0 as tin source. Compared to the undoped sample grown under
the same conditions, this corresponds to an improvement of 50% in the

conductance.

89



ey T
016 FF1s el ] Sn3p3/2 7
: 4 i ]
014 § 20 J1.4
i g 151 e o R
012 Sl : J12
3
& +
010 F & J10
= 00

e 1 2 3 “ 5
008 F carrier concentration (10%%)
SnO,F NH,F

006 | Sosat 0,%°% o,
- - .

06

SnO,F BSF (1.0
.

Y7 S NI 0.4

REF-2

0.02 [Aeagee® 02

counts, background subtracted and normalised to Sn 3p3/2

.0.-'.-..,..00-.,n
REF-1
0.00 o L v Joo
;\,\ y N A resndualdREFJq
-V.\.\(Wlf‘ C\M\w’/.\... Qe I Y AT N R YOI (]
680 685 690 695705 710 715 720 725

binding energy (eV)

Figure 4.16 XPS spectra of fluorinated tin oxide samples. On the left the F
Is peak is shown, while on the right the Sn 3p3/2. For the fluorine peak the
background has been subtracted and the intensity has been normalized to the
Sn3p3/2 peak. The inset shows the correlation between the measured carrier

concentration and the F/Sn ratio derived from the XPS analysis.

The actual incorporation of fluorine was confirmed by XPS. As shown
in Figure 4.16, for all samples it is possible to identify the F 1s peak at the
characteristic binding energy around 685 eV *.

At this time no quantitative analysis of the F incorporation is possible
for various reasons. Due to the surface sensitivity of the XPS measurements
the presence of F in as-grown samples is not a sufficient indication of
fluorine incorporation. There is the possibility that the surface is
contaminated by precursor solution residue, which contains fluorine.
Therefore Argon ion sputtering of 1.5kV Ar ions for 5 min has been
employed to remove residual carbon and other potential contaminants from

the precursor solution.
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Figure 4.17 XPS spectra of sample REF-1 showing the effect of Ar cleaning:
(black dot) the sample before cleaning, (red line) the sample after cleaning.

Unfortunately the Ar sputtering treatment changes the surface
composition and roughness as lighter elements such as O and F are
preferentially removed. Figure 4.17 shows the effect of the cleaning cycles
on the relative intensities of the Sn 3d, O 1s and F 1s core levels for sample
REF-1 with the highest F concentration and lowest initial carbon
contamination of all investigated samples. It is evident, that the cleaning
does change the measured Sn/F and Sn/O ratios indicating a change in the
stoichiometry of the surface area of the oxide, or the removal of precursor
residuals. Nevertheless after sputtering the presence of F has been
confirmed for both fluorine precursors and measured Sn/F ratios scale with
the carrier concentration of the samples (inset Figure 4.16). This indicates
that the measured fluorine after sputtering originates from incorporated
fluorine, even if the measured absolute values of the F/Sn ratios are not
indicative of the real fluorine content in the SnO, matrix. It is also worth
noting, that measurement times were limited, as extensive exposure of all
samples to the Al Ka-rays (>1h) lead to a steady decline in the detected

fluorine signal.
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Figure 4.18Arrhenius plot of the resistivity versus reciprocal temperature
for samples showing a typical metallic behaviour: (red line) FTO deposited by
using NH,F, (black dot) REF-1, (blue dashed) REF-2. As the resistivity of the FTO-
NH,F is higher, different range of scale are used.

Resistance measurement have been carried out over a set of samples
grown under the same conditions but with different nominal Sn:F ratio.
While all the other samples show a characteristic metallic behavior in the
resistance vs. temperature plot, the samples grown using BSF show a
metallic behavior at high temperature while at lower temperatures the
resistance increases again, as expected for semiconductors (Figure 4.18 and
Figure 4.19). This suggests that more than one type of carrier contributes to
the overall conductance and there is still a large contribution of these
intrinsic carriers to the measured total conductance. The temperature, at
which this transition occurs (here defined as a change in slope), is a function
of BSF concentration (Figure 4.19). When the nominal atomic ratio Sn:F is
1, incorporation is good enough to lead to a metallic behavior almost in the
whole range of temperatures. As the nominal concentration of fluorine

decreases, the transition temperature shifts to higher values.
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Figure 4.19 Resistivity vs reciprocal temperature for a set of samples grown
using BSF as fluorine source and varying Sn:F ratio in solution: (== 9]:9, ==
80:20, == 67:33, == 50:50). An offset equal to In(p,.,) was subtracted to emphasize
the change from a behaviour dominated by the metal like carriers to a
semiconducting one. The inset shows the dependence of the temperature of
transition from metallic to semiconductor behaviour (m) and absolute resistivity

(o) on the nominal F:Sn ratios.

Samples grown using the alternative precursors show a lower carrier
concentration compared to all the other samples. However, the mobility of
the carriers is comparable to those found for REF-1 and REF-2 and it is
much higher than in samples grown using NH4F as precursor (Table 2). At
present it is not clear, whether the lower carrier concentration in BSF grown
films is related to a lower efficiency in the decomposition process of BSF
itself or if this is due to a lower incorporation rate of the fluorine atoms or
alternative fluorine could be partly passivated by compensating defects
introduced by C, S, or H also present in the precursor. However as the
measured fluorine concentration scales well with measured carrier
concentration (inset Figure 4.16), a lower incorporation rate is more likely.

Several scattering mechanisms might influence the mobility of the

carriers >384

as reported in section 2.1. It is worth noting that all equations
(Eq. 2.12 - 2.17) are valid under the assumption that a single type of carrier
is present. This is not the case for the fluorinated tin oxide. In fact, as
previously reported, the undoped samples are already conductive and

therefore more than one type of defects can be the source of conductivity in
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doped samples. For this reason only the temperature dependence of the Hall

mobility will be considered in order to define the mechanism.

carrier Hall Growth Sn
Sample concentration mobility temperature

(cm‘s) (csz"s") (K) precursor
SnO,:F BSF (0.5) | 5(x1)-107" 28+3 753 SnCly4
SnO,:F BSF (1.0) [ 6.6 (x1):10™" 31+3 753 SnCl,
SnO,:F NH,F 4(x1)-10™° 12+3 753 SnCl,
REF-2 3.5+ (0.5)10%° [32+2
REF-1 5(x1)-107% 30+3

Table 2 Room temperature electrical properties and growth condition for

representative samples used for XPS analysis.

For samples grown using BSF, REF-1 and REF-2 samples, the
principal scattering mechanism is due to acoustical phonons in the
temperature range of 300-150K and ionized impurities for temperature
lower than 150K. This conclusion has been drawn by taking into
consideration the dependence of the mobility as a function of temperature

(Figure 4.20).
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Figure 4.20 On the right:an example of Hall mobility vs temperature data
for REF-1. The line shape of the curve is representative for all samples
investigated, although absolute values vary. On the left: power dependence of the
mobility values upon temperature shows that in the range between 300 and 150 K,
the mobility 1i*° varies linearly with temperature. Below 150 K mobility becomes

independent of temperature.

A linear dependence of mobility vs. T>? is present down to a
temperature of 200K (Figure 4.20, equation (2.15)). Therefore it can be

argued that the principal scattering mechanism in this temperature range is
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due to phonons. From 200 K to 70K, the mobility becomes independent of
the temperature, meaning that phonons are frozen in and ionized impurities
represent the principle scattering mechanism in this region (Figure 4.20,
equation (2.12)). Either way, both mechanisms are intrinsic to the material
itself and cannot be suppressed. This means that the only way to improve
the material conductivity is by increasing the carrier concentration. Samples
grown employing NH4F show a much lower mobility compared to BSF
grown samples but the overall shape of the curve is consistent with the
previous picture (see also Table 2). This means that again phonons play an
important role up to 200 K while below this temperature, ionized impurities
become relevant. In this case, in order to account for the lower mobility,
other mechanisms such as grain boundary or scattering at crystallographic

defects have to be considered.

4.4.3. Conclusion

An alternative precursor has been tested as fluorine source for the
synthesis of SnO,:F by spray pyrolysis. Its performance has been compared
to a commonly used source, NH4F, to a commercial sample and to a sample
grown by spray pyrolysis by an independent group. Incorporation of
fluorine has been indirectly shown by the improvement in conductivity and
directly by identification of the fluorine 1s core level in XPS measurements.

Tin oxide produced using BSF has higher resistivity than those
obtained by using NH4F. The reason for this is likely to be a lower
decomposition or incorporation efficiency of BSF which results in a lower
carrier concentration in the samples. Instead, the Hall mobility of samples
using BSF is comparable to those of the commercial and independent
laboratory samples, indicating that the typical low mobility found for spray
pyrolysis grown, untreated FTO is caused by the use of NH4F, and not the
deposition technique itself. For all investigated FTO samples phonon
scattering represents the principal scattering mechanism in the region
between 300 K and 200 K, while at lower temperature, scattering by ionized

impurities dominates. When NH4F was used, instead, scattering due to grain
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boundaries and crystallographic defects also contributes to limiting the
mobility.

The two samples used as reference show better electrical properties
(Rsp=8-10 /o) than those grown in house (minimum Rg,=30-40 /o) while
comparable optical properties could be achieved. Several reason could be
responsible for these, in particular the large droplet distribution and a severe
cooling of the surface due to the type of nozzle used, a nozzle to substrate
distance too short, purity of the salt. Therefore the limit of the present setup
are acknowledge, in light of the fact that the setup was built with the aim of
allowing easy and fast screening of materials rather than high performance
materials. However it was crucial to evaluate the upper limit of the
performance achievable with it in order to properly assess the quality of the

new materials produced, as will be illustrated in the following chapter.
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Chapter 5

p-type TCOs



S.1. p-type TCOs: state of the art

The very first p-type transparent semiconducting oxide was NiO,
reported in 1993 by Sato'. However, it was only in 1997, when a systematic
paradigm to deposit p-type TCOs was presented by Kawazoe and co-
workers. They introduced the concept of modifying the valence band of
oxides to achieve simultaneous p-type conductivity and transparency,
proving, indeed, this concept by depositing a thin film of CuAlO,”. Since
then, other p-type TCOs have been deposited, nonetheless their performance
is too poor for any possible implementation into commercial devices.
However interest in these materials is quite high, since a substantial
improvement on their properties can open up the possibility fornext
generation fully transparent electronic devices.

Challenges for improving p-type transparent materials are rather
different than those for n-type. p-type TCOs can be realized by introducing
dopants or defect complexes able to introduce empty levels slightly above
the valence band. In this condition electron promotion from the valence
band to the empty acceptor state creates mobile holes. Traditionally, this has
been realized by using a native p-type semiconductor, such as delafossite
oxides (CuMO,M= Al, In, Ga, Sc, Fe, Co, Rh or lanthanide) or by reversing
the native n-type conductivity of wide band gap semiconductor, such as
ZnO**,

Production and reproducibility of p-type ZnO is still a matter of
controversy in the scientific community, especially because for ZnO no
bipolar behaviour is expected according to theoretical calculation.
Therefore, reversing the type of carrier will imply the formation of
compensating defects. For this reason, in this thesis focus has been put on
the second class of material.

Few p-type TCOs or wide band gap semiconductors have been
reported so far: some oxides with delafossite structure, SrCu,O,, some
spinel structures such as ZnRhOy, layered chalcogenide LaCuOCh, (Ch=S,

Se, Te) and SnO are the most relevant materials. Most of the data reported
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% with the record

in literature deals with the delafossite structure™
conductivity for oxides reported for CuCrO:Mg'’. These oxides
performancesare still much worse than those of conventional n-type TCOs
in terms of both optical and electrical properties: maximum transparency is
around 70% in the visible range while conductivity is in the range of 107
10" S/cm, that’s to say several order of magnitude lower than the
conductivity of conventional n-type TCOs (10 S/cm)®®, while better
properties were achieved in chalcogenides''™'?. Limits to the conductivity
are mostly due to low holes mobility, which turns out to be a consequence
of the band structure of most of transparent oxides. In fact the mobility is
inversely proportional to the effective mass of the carrier which in turn is
inversely proportional to the curvature of the valence band. For transitional
metal oxide the valence band is formed by highly directional oxygen p or
metal d orbitals. The spatial overlap between these orbitals is small and
therefore the valence band appears narrow (flat) and less disperse in

comparison with the conduction band of conventional n-type TCOs (Figure

5.1).
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Figure 5.1 A comparison between the band structures calculated for ZnO
(ref ') and CudlO,(ref. 15). Notice the difference between the dispersion of the
bottom of the conduction band for ZnO in comparison to the top of the valence
band for CuAdlO, The band structure and a schematic view of a delafossite

structure is reported (ref 16).

As a consequence also the conduction mechanism for the carriers is
different. While conventional n-type TCO are generally band conductors, p-
type TCOs are usually polaron conductors'’. This mechanism is associated
with the presence of a localized charged state formed at a cation site and its
movement through the material. This state is usually rather localized due to
the Coulombic interaction between the hole and a crystal site which traps it.
In particular, for the delafossite structure this is a consequence of the high
electronegativity of the oxygen 2p-state. As a consequence, once a positive
hole is introduced, it behaves like a deep acceptor level, i.e. it remains
almost localized on a single oxygen atom rather than migrate within the
crystal lattice, even under applied field'®. If this self-trapping energy is low
enough and a sufficient quantity of energy is provided, this charge can hop
from one site to the next. It is worth noting that this mechanism doesn’t
involve any physical movement of cation, but rather an electron movement

through the valence band, with a simultaneously temporary change in the
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cation oxidation state. Therefore this charge hopping process is more likely
for cations that exhibit strong covalent interaction with the oxygen anions.
As a result, there are several conditions that must be fulfilled in order for the
polaron mechanism to occur: a suitable crystal lattice with a covalence
rather than ionic nature of bonding, cations with multiple oxidation state
available and a relative low value of hopping activation energy'’. The
success of delafossite AMO, (where A is a monovalent cation and M is a
trivalent cation) as p-type TCOs is based on the careful choice of the cations
A and M according to the chemical modulation of the valence band
(CMVB) approach and in the choice of the appropriate crystal structure
(Figure 5.1) '°. Delafossites have a hexagonal layered structure where layers
of A cation and of MO, groups are stacked alternatively, perpendicular to
the ¢ axis. The features of the A cation determine the distance between the
layer, due to the strong repulsion between the d electrons of the A cation
and the 2p electrons of the oxygen ions. For a cation with all the d states
occupied (i.e. a d"’ configuration) and small coordination number, it can be
presumed that the closed shell electrons (d'%) lie roughly at the same energy
levels of the 2p electrons of the oxygen. If this condition is fulfilled,
chemical bonds with considerable covalency are formed. The resulting
antibonding levels become the highest occupied states, i.e. the valence band
edge. Moreover the tetrahedral coordination of the oxide ions induces a sp°
conformation of this ion, and therefore, all the 8 electrons of the oxygen
atom are distributed in 4 o bonds with the coordinating cations thus
reducing the non-bonding nature of the oxide lone pairs. These two
structural properties reduce the localization of the valence band edge, in
other words they promote the formation of an extended valence band
structure where holes can migrate more easily. Despite this favourable
condition, the main limitation of delafossites materials is still the low hole
mobility (<lem?V™'s™") which makes them useless for application in
transparent TFTs'’. Thus their use as highly transparent and conductive
material will be limited, while their development will likely to be focused
on fundamental studies of opto-electronic properties, defect and transport

issues or for those applications where polaron conductivity is useful'’.
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The limitations reported for delafossites material pushed the
interested and the research beyond this type of structure. For this reason,
new non-delafossites oxides have been synthesized. Among this SrCu20220,

22-26 027-30 are the

NiO'? ', some spinel structures such as ZnRh;O4 and Sn
most common.

SrCu,0, has similar properties compared to delafossites materials, in
terms of band gap (3.3 eV) and hole mobility (u=0.46 em’V's™). Diodes
have been grown by using such material' "',

NiO has properties comparable to those of delafossites material (u<l
em?V's™, transparency in the visible range of 40+80% depending on the
conductivity)"!72!,

ZnM,04(M= Co, Rh, Ir) has again a very low mobility. Its most
outstanding propertyis the fact that ZnRh,Oy is the only amorphous p-type
oxide reported so far. Amorphous p-n junctions showing rectifying
behaviour have been fabricated by using this material'’?*. However there
are two main limitation: Rh is a precious metal and the band gap is
determined by the ligand field splitting of the d orbitals of the metal. In this
case it is important to strengthen the crystal field to open up the band gap
which, at present, is too small (2.1-2.7 eV) for any application in transparent
TFTs.

In the case of p-type SnO, the localization of the oxygen 2p orbitals
is partially lifted by the contribution of spatially spread 5s” tin orbitals to the
top of the valence band*®**’. The origin of the p-type conductivity has been
attributed to the presence of tin vacancies and oxygen interstial, the former
mechanism being the dominant one. Once these defects are fully ionized,
they produce a band deformation close to the top of the valence band
maximum with the formation of acceptor like states®”. The advantages of
this material are the good electrical properties (reported room temperature

82 and the reported

Hall mobility ranging from 2.4 to 4.8 cm’V’'s™)
possibility of bipolarity, while the main limitation is the narrow region of
suitable growth conditions®®?’. Moreover its stability is still a matter of
debate. Despite the fact that stability of the material and relative properties

has been reported for samples stored in a vacuum desiccator for a period of
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6 years”’, it is known that SnO is thermodynamically instable at temperature
above 543K in air’®*.

A lot of work still needs to be done to understand and improve the
existing p-type TCO, at the same time new materials are required to
overcome their limitations.

In this work, an attempt has been made to design new materials and
a new strategic approach, based on a simultaneous cation and anion doping.
The exploitability of the co-doping approach and its applicability to
different oxides is still a matter of study. Despite the fact that Cr,O3 might
not be an ideal candidate,due to its very low native conductivity, this latter

approach worked quite efficiently. The results obtained will be presented.

5.2. Dopability of p-type TCOs

Doping of wide band gap semiconductors to obtain p-type
conductivity without compromising the transparency is not a trivial process.
Even when, from a theoretical point of view, desired properties can be
obtained by doping a host oxide with a defined element, obtaining the same
results from an experimental point of view might be more difficult due to
the influence of the deposition parameters in the material synthesis which
may result in a fine and complex balance between defect formation and
compensating defects.

Recently Zunger” has summarized some doping principles which
can help the design of an appropriate deposition strategy. If one considers
the formation enthalpy of a dopant D with a charge state qp in a host crystal
H (eq 5.1), the 3 main contributions will be:

(1) the introduction of compensatingdefects, in other words the
spontaneous formation of hole killer defects due to the lowering
of the Fermi level upon p-type doping,

(i)  the effects of adjusting the chemical potential of different
elements

(iii)  the local bond effects of the dopant on the lattice
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AHP %) (u, E )= qpE, +ny(u, — py,) + AE, 5.1
In eq. 5.1, 4;,and p,, are the chemical potential of the dopants and
host respectively, E, the electrochemical potential (Fermi energy), n,, the
number of dopants, E the total energy and AE, the excess energy of the
local chemical bonds around the dopant defined as:
AE, = E(host + defect) — E(host) 3.2
Regarding point (i), equation (5.1) shows that if a donor is formed, it

donates electrons that will contribute to the free carrier reservoir whose

energy is E, . In this way the formation energy of the donor increases

linearly with E,. . Similarly, the presence of acceptors will remove electrons
from the reservoir and thus the acceptor formation energy decreases linearly

with E,.. These trends are reported in Figure 5.2.
(a)
Doror Acciaptor
(+/0) / (0/-)
aD

Ey Farmi Energy (Eg) Ee

(b)

Defect Formation Enthalpy AH®Y(E, 1)

Cation Chemical Anion
rich potential (u) rich

Figure 5.2Schematic depiction of: (a) the dependence of the formation
energy of a defect a (with a value of qp which can be +,0 or -) on the Fermi
energy; (b)the formation enthalpy of some intrinsic defect (anion vacancy V, ,
cation interstitial C, , cation vacancy Vc', anion interstitial A;) on the chemical

potential (taken from ref. 33)

This implies that when a material is doped n-type, the Fermi level will rise
to such a point that acceptors defects will form spontaneously. A symmetric

discussion applies to p-type dopants, where the donors’ defects behave as

hole killers are mainly anion vacancy or cation interstitial. The value of E,.
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at which this occurs is defined as pinning energy. The position of the
valence band maximum (VBM) for p-type and conduction band minimum
(CBM) for n-type with respect to the energy pinning level is crucial: in
order to achieve p-type conductivity, the valence band maximum should be
close to the vacuum level (small ionization potential)ls. For example, the
reason why ZnO is so difficult to dope p-type is due to its deep valance

band. In this particular case the p-type pinning level is considerably above
the valence band maximum. Thus the downwards movement of E, due to

p-type doping will encounter the pinning level before encountering the
VBM. At this point hole killers such as zinc interstitial or oxygen vacancies
will be formed before achieving any significant p-type doping.

There are a few ways to circumvent this problem. One way is to
insert an element which induces an up-wards shift of the valence band. This,
for example, is the case of valence band modulation proposed by Hosono
and co-workers. A second possibility is to design deposition conditions such
that formation of hole killers (anion vacancy and cation interstitial) is
inhibited. For example the presence of H during Mg-doping of GaN and the
following annealing out was the recipe for the success of p-type GaN.
Similarly the use of NO and NO, as N sources can facilitate the deposition
of p-type ZnO by creating internal oxygen precipitation which eliminates
oxygen vacancies™’.

Regarding the chemical potential effect (point ii), it can be seen from
Eq. 5.1 that the formation enthalpy of intrinsic defects (for example anion
vacancy) depends upon the anion and cation chemical potential. For
example, anion substitution as in p-type ZnO:N will be easier if the growth
conditions are adjusted to have host cation (Zn) rich conditions, because the
solubility of anion substituting dopants is higher under host anion poor
conditions. In the same condition, though, also the enthalpy of formation of
anion vacancy (a compensating defect) is favoured, because defects that
donate host anionsto the reservoir are easier to form if the reservoir has a
low anion chemical potential (anion poor). A similar discussion can be done

for doping on the cation site. From this consideration, it is already clear that
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p-type doping in oxides is best achieved in oxygen rich, cation poor growth
conditions.
Once the desired defect is introduced, it might not be stable over

time. The reason for this is that the energy of the new bond arrangement is

less favourable than that of the original host (AE,>0). This is reflected in

the (iii) condition. In some cases this can be overcome by co-doping or
cluster doping with appropriate elements (for example Al in the case of
ZnO:N) able to form very strong bonds with the dopant without

destabilizing the host structure. In this way the dopants are stabilized (AE,

<0) and their solubility is enhanced.

5.2.1. Deposition of new and
alternative material: a strategic

overview

Rather than trying to reverse the conductivity of native n-type
semiconductor, I tried to improve both optical and electrical properties of a
native p-type material. Such a challenge can be difficult to achieve by
doping with a single element, therefore the possibility of using anion and
cation co-doping was preferred. This is actually not a new idea itself, as in

many cases it was applied to ZnO**3*

, and it was suggested as a possible
avenue to be explored for the design of p-type TCOs™.

First of all, a suitable candidate material needs to be chosen. From now on,
this oxide will be referred to as the host matrix, as it represents the host
structure on which doping was performed. In my case it was found that
chromium oxide, Cr,03, can accomplish this role. In fact, Cr,O3 is a wide
band gap insulator in its stoichiometric form with possibility of native p-
type conductivity. The latter can be enhanced by doping with Mg**4!,
However, Cr,0O3 has some limitations, in particular, it has transitions in the
visible range due to the presence of semi filled d-states. The question then

becomes how to tune the optical properties in order to improve the
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transparency. In the case of solution chemistry, tuning of the optical
properties of transitional metal complex can be performed by varying the
strength of the crystal field created by the ligand atoms. It is well known
that the N-coordinating ligands create a stronger crystal field than O-
coordinating. CrN in itself is thermodynamically stable, and exhibits quite
different properties than Cr;0O3, since CrN is semiconductor with a band gap
of 0.7 eV*. In between these two extremes, chromium oxy-nitrideswith
different oxygen content can be grown43 6 The results reported in these
latter studies will be compared to those obtained for the in house grown

films.

5.3. Cr,03: crystal structure and band

structure

Chromium sesquioxide, (Cr,O3), known also as chromia (mineral
name Eskolaite), is an antiferromagnetic wide band gap insulator (Eg=3.4
eV). It is the most stable oxide that chromium can form and it is well known
as a refractory material and for its mechanical properties, being one of the

hardest oxides"’.

(@)

Encrgy. ¢V

Figure 5.3. On the left, the crystal structure of Cr,0s:(a) the rhombohedral
primitive cell and (b) the hexagonal representation; Cr atoms are represented in

blue, O atoms in red. On the right: the band structure calculation of Cr,0;. (taken
from ref. 48)
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It crystallizes in the corundum structure with hexagonal closed
packed layers of oxygen atoms and two thirds of the octahedral sites filled

with Cr atoms**>°

(Figure 5.3b). Each octahedron shares one face and three
edges with neighboring occupied octahedral, with the metal cation slightly
displaced from the geometric center of the octahedron’2. Both this latter
effect and the fact that one third of the octahedrons are empty are advocated
as causes of a slight difference in the O-O distance’' ™. The primitive cell is
rhombohedral (space group R-3c) with crystal parameters a=4.9587A and
c=13.5942A (Figure 5.3a).

Due to the octahedral field, the Cr 3d states are split into sub-bands:
the triple degenerate t;, and the double degenerate e,. Understanding the
energy position of these 2 bands and their relative contribution to the
valance band maximum and conduction band minimum is important in
order to understand the optical and electrical properties of this material.

Some reports tend to classified Cr,O3 as a Mott-Hubbard insulator™*
56, while for some others this oxide is borderline between the latter and a
charge transfer insulator*®*. In order to clarify this point, it is necessary to
have a closer look to the valence and conduction band structure, to evaluate
the contribution of both the Cr 3d level and the oxygen 2p levels to either
band. According to the classification by Zaanen et al.>* and Olalde-Valasco

et al’’

, the 2 quantities which determine the classification are the Coulomb
interaction of the transitional metal (TM) 3d levels (Ugq) and the charge
transfer (CT) energy between the TM-3d and anion p-states Ac.r. If
Ug-a< Ac.t then the fundamental band gap is proportional to Ug4 and the
material is a Mott-Hubbard insulator. In this case both holes and electrons
move in d bands and are heavy (Figure 5.4). If Ug.¢> Ac.1, then the energy
gap is proportional to Ac.t and the material is charge transfer insulator (or
semiconductor). The top of the valence band is formed by the anion 2p

states and the electrons are heavy (d-bands). Intermediate cases tend to have

holes of intermediate mass and heavy electrons.
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Figure 5.4 Schematic view of the valence band maximum and conduction
band minimum for the case of a charge transfer insulator, where the top of the
valence band consist of mainly oxygen p states, with only a small or negligible
contribution from the metal d states, and a Mott-Hubbard insulator, where the

VBM is mostly composed of metal d states. Taken from ref. 57.

Most of the time, photoelectron spectroscopy is used to determine
the valence band feature. However, this technique only gives information
about the total density of states and, therefore, a theoretical aid is required in
order to deconvolute the cation and anion contribution. Moreover, since
only the valence band is probed, a direct measurement of the conduction
band (inverse photoemission spectroscopy) would be necessary in order to
correctly determine Ug.q and Ac.t.

According to both calculation and valence band measurements by X-
ray or Ultraviolet Photoelectron Spectroscopy (XPS and UPS respectively)
the top of the conduction band is formed by a mixture of oxygen 2p and the
occupied chromium 3d (tyg) states whose degree of overlapping depends on
the type of calculation*®***®, This is the reason why there is still an on-
going debate in literature whether Cr,O; is a Mott-Hubbard or an
intermediate insulator. It is worth noting that the possibility of having an
intermediate insulator would be helpful in order to achieve p-type
conductivity. As already mentioned in the introduction of this chapter,
strong overlap between O,, and the metal d levels is desirable in order to

favor the hopping process. Moreover, such an ad-mixture will be a favorable
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condition to a successful valence band modulation by means of
simultaneous cation and anion doping.

Regarding the optical properties, the Cr,O3 band gap is reported to
be 3.4 eV. Beyond the absorption edge, two other optical transitions are
clearly present in the visible range, at energy of~2 eV and ~2.6 eV in almost
any transmission spectra of Cr,O3 reported in literature, despite the growth
technique used to deposit the samples. These 2 peaks are traditionally
attributed to d-d transitions, from occupied ty, levels to unoccupied e,
levels™®'. In this assignment unoccupied e, levels are present in the middle
of the band gap and the crystal field (splitting between the tyg and e, levels)
has been evaluated to be 2.3-2.6 eV**>. However none of the band structure
calculation reported so far have shown such mid-gap states*®>°,

From the electrical point of view, Cr;Oj; is usually reported as an
insulator, with the possibility of very low native p-type conductivity.
Doping with Mg is well known to induce a p-type semiconductor behavior.

In the following sections the results obtained on the modification of
Cr,03 will be presented. The effect of introducing different elements as well

as different growth conditions will be outlined.
5.4. Cation-anion doping of Cr,0;

In the following paragraphs, the results obtained on both spray-
pyrolysis and pulsed laser deposition grown films will be presented. First
the results obtained by chemical deposition will be outlined, with particular
emphasis on the role of this new material as a p-type TCO and on the effect
of different deposition conditions on the defect formation. Following, the
results obtained by PLD will be presented. The purpose of this section will
be to compare the properties of the same material between the two different

deposition techniques.
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5.4.1. Spray pyrolysis deposition of
Cr,0;:(Mg,N): a new p-type

transparent semiconductor

Undoped chromium oxide was subject to both cation and anion
doping in order to improve both optical and electrical properties. Four
different sets of films were deposited: undoped Cr,03, Cr,03:N, Cr,03:Mg,
Cr,05:(Mg,N). Films weredeposited on glass substrates (Roth cover slips,
thickness 0.17 mm). For the deposition, Cr(NO3); and CrCl3-6H,0O has been
used as Cr precursor, deionised water as solvent and oxygen as a carriergas.
Doping has been carried out using MgCl,-6(H,0) as cation dopant while
NH4(CH3CO;) and NH4Cl have been used as anion dopant. All films were
deposited by using 0.1M concentration of Cr in solution. N and Mg
concentration were changed over a range of 0.2 to 0.5M and from 0.005 to
0.01M respectively. The high nitrogen concentration was required due to the
low efficiency of precursor decomposition or nitrogen incorporation. For
each precursor solution the pH wasvaried from 6 to 0 by adding HCI, which
primarily helped precursor solubility, but has also beenshown to improve
the film properties.

Taking into considerations the results obtained in the study of the
role of the precursors chemical composition on the physical properties of n-
type TCOs, and, in particular, the studies reported in Chap. 4.2, the first set
of samples was deposited by using Cr(NOs);, MgCl,-6(H,O) and
NH4(CH3CO,) as precursors, HCI as additive, water as a solvent and oxygen
as carrier gas.

The crystal phase was determined by X-ray diffraction using a
Bruker D8 Discovery. Patternswere analysed by numerical reconstruction of
line profiles according to the Rietveld method using the MAUD software
package. All samples consist of a single phase, Cr,0;, witha corundum
structure (PDF number 01-072-3533). The actual incorporation of dopant
elements was examined by X-ray photoelectron spectroscopy (XPS). The

N1s state was identified at the characteristic binding energy (E£,=397 eV). A
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quantitative analysis is however difficult due to the poor signal to noise ratio
and modification of the surface due to the Ar sputtering, a procedure
necessary to remove any potential precursor contamination before the XPS
measurements. Optical transmission measurements in the UV-Visible
rangewere performed in order to monitor the effect of nitrogen on the
specular transmission of visible light by using a Cary 50 spectrophotometer.
A progressive increase in transmissionand a band gap opening is observed

as the nitrogen concentration in the solution was increased (Figure 5.5).
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Figure 5.5 UV-VIS transmission measurement of undoped Cr,O; and
Cry05:N as a function of N content: undoped Cr,03;(—), Cr:N ratio 1:2 (—), 1:3
(— ), 1:5 (—). The Cr:N ratio refers to the precursor solution. A bare substrate

was used as a reference.

There are several possibilities why the specular transmission can
improve:

1. a systematic difference in sample thickness

2. a systematic difference in microscopic surface roughness and
reduction in scattering losses

3. changes in the macroscopic morphology caused by changes in
precursor solution density, reaction pathways or droplet sizes induced by the

large molarities of the nitrogen precursor in the solution
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4. an improvement in optical properties of the material: a difference
in the extinction coefficient of the samples could be a consequence of the
incorporation of the nitrogen into the Cr,O; matrix.

A detailed analysis was carried out that allowed to dismiss the first
two hypotheses. Small scale surface roughness for doped and undoped films
is comparable as confirmed by atomic force microscopy (Figure 5.6). Rms
roughness values were determined for 2020 um and 5x5um scans. The
analysis of the 20 pm scan highlights the presence of a granular structure
which gives rise to a long range waviness in all of the samples. The rms
values for the scans were on the order of 60-80 nm. Small scale images
highlight the roughness arising from the individual grains as also seen in the
cross-sectional SEM images (Figure 5.7). Rms values of 20-40nm were
measured on that scale. No systematic correlation was found between the

rms values and transparency.

7300.0 nm
2500

Figure 5.6 AFM images of the undoped and N doped samples at different
nitrogen concentrations. (a)undoped Cr,0; (rms = 40 nm), (b) Cr:N 1:2 (rms = 25
nm), (c) Cr:N 1:3 (rms = 50 nm), (d)Cr:N 1:5 (rms = 25 nm).

In order to compare the effect of different nitrogen content in
solution, it was necessary to calculate the absorption coefficient. The most
rigorous way to determine it, is by spectroscopic ellipsometry, as the
complex refractive index of the material can be extracted. However, the

high surface roughness of the samples leaded to a strong depolarization of
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the light, thus making such measurements impossible or unreliable.
Therefore a much more crude method was used, which consist of using the
Beer law and determine the absorption coefficient from transmission
measurements. Reflectance measurements could not be performed as the
required sample holder was not available. Again, in order to take into
account the effect of surface roughness, integrated transmission
measurements were performed, rather than specular transmission
measurements. These were combined with thickness determination by cross-

sectional SEM for all individual samples.
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Figure 5.7Cross sectional SEM of Cr,O; doped with both nitrogen and
magnesium deposited on glass. The thickness of this particular sample was found

to be 115+25 nm.

In this way the absorption coefficient was calculated for the film

(Figure 5.8)
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Figure 5.8. Absorption coefficient calculated from transmission
measurements and thickness determination from cross sectional SEM and band
gap determination for samples grown with different nitrogen content in the
solution: (—)no nitrogen in solution, (—)Cr:N ratio in solution 1:3, (—)Cr:N

ratio in solution 1:5.

Samples grown with nitrogen show better overall transparency, and
SEM micrographs show fully closed layers. Hence the increase in
transparency is not caused by an increased number of cracks in samples.
Quite the contrary, the presence of nitrogen is improving homogeneity.

The same effects on the optical properties have been observed for
amorphous Cr,O3 grown by sputtering by Qin et co-workers®’ (Figure 5.9).
In this latter case a progressive increase in transmission and band gap
opening were observed as the nitrogen flow in the deposition environment is
increased. In this contribution the improvements in the optical properties

was attributed to the presence of nitrogen itself.
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Figure 5.9 Transmittance and band gap determination of amorphous
chromium oxide thin films grown by sputtering as a function of nitrogen flow.

Taken from ref. 63.

Since all the other possibility have been ruled out, the only explanation left
is an effect of the N on optical transitions. This can eitherbe due a direct
effect on Cr d-levels and therefore an enhanced crystal field, or by inducing
lower broad-band absorption due to either a change in the symmetry around
the Cr atom, a modification of the valence band density of states or by
preventing the formation of parasitic defects.

All nitrogen-only doped samples are poorly conducting or insulating.
Conductivity decreasesas the nitrogen nominal concentration increases. To
increase the conductivity of the oxide, Li, Mg, Ca, In and Zn were chosen as
doping elements. Li or Ca or In incorporation leads to insulating samples.
Mg and Zn lead to conductive samples, but in the case ofZn only slight
improvements were observed. Doping with Mg instead, produced a
remarkable improvement in the electrical properties while maintaining the
p-type character of thecurrent carriers. For the Cr,O3; samples doped only
with Mg, no major differences in the specular transmission ware observed

when compared with the undoped material (Figure 5.10).
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Figure 5.10 Specular transmission measurements (left) and Arrhenius plot

(right) of (—) undoped, (—) Mg-doped and(—)Mg,N-codoped films.

However the resistivity decreased from 400 Qcm for plain Cr,03,
reaching its minimum value of 15 Qcm for Cr,03:Mg at a ratio Cr:Mg of
9:1. The actual incorporation of Mg and its ratiowith respect to Cr were
confirmed by XPS measurements. Hall coefficients could not bedetermined
for both undoped and Mg doped Cr,0; as the resistivity of the films was too
high to achieve good signal to noise ratios in the measurement system
available. In the case of undoped Cr,0; it was not possible to identify the
carrier type as the conductivity was too poor for the sensitivity of the
apparatus. Instead for the Mg doped samples, the Seebeck coefficient was
found to be +75 pVK™', meaning that the films are p-type. Resistivity values
were scanned over a temperature range from 323 to 423K. Carrier activation
energy of 200 meV was derived from an Arrhenius plot of these
measurements (Figure 5.10).

In a second set of samples the two doping methods were combined.
(Zn, N) co-doped samples showed a good improvement in the electrical
properties, with a minimum resistivity of 18 Qcm. For Mg,N-co-doped

samples, instead a major improvement was observed.
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Figure 5.11. Screening process to determine the best compromise between
Mg, N and temperature for the deposition. The Figure of merit was used as
screening parameter.: (A)[N]=0M and T=753-783K (m) [N]=0.4 M and T=753
K, and (0) [N]=0.4 M and T=753K. The inset shows the figure of merit for
Cr,;0;3:(Mg,N) samples grown using [Mg]=0.01 M and T=783K for different [N]

concentration.

The figure of merit (F=1/[RgIn(T)] ) was used as the optimization
parameter (Figure 5.11), taking into consideration both optical and electrical
properties. The values were calculated by taking the average transmission
across the entire visible range and the sheet resistance. The best conditions
were found at Cr:Mg 9:1 and Cr:N 2:8 (ratios in solution) and deposition
temperature of 723K. The transmission for these samples was as high as
65%, average resistivity was 5 Qcm, with minimum values of 3 Qcm for
films with thickness of about 180 nm. According to Seebeck and Hall
coefficients (+75 pVK', +1ecm’C"), these samples are p-typeconductors.
Typical Hall mobility values were around 0.1 em?V's? and carrier
concentration was of the order of 10"°cm™. The activation energy for the
carriers was 190 meV (Figure 5.10). It is worth noting that this is an
improvement in the conductance by almost two orders of magnitude with
respectto the nominally undoped Cr,O; and by a factor of 3 with respect to
doping with Mg only. Preliminary studies on post-annealing treatments

showed that conductivity can be further improved by a factor of 2, if
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annealing is carried out in oxygen at 823K, without compromising the
optical properties.

In order to compare the quality of this material with respect to other
materials reported in literature the figure of merit was calculated in a similar

way for other p-type oxides reported.

Material F(10°Q) | Deposition technique | Reference
CuAlO, 50 PLD ’
CuAlO, 1 PLD ;
CuCr, Mg, O, | 500 Sputtering 4
CuCr, Mg,O, | 15-28 Spray pyrolysis &
SrCu,0, 0.2 PLD ”
SrCu,0,:K 2 PLD )
CuScOmx) 270 Sputtering 66
CuYO, 1 Co-evaporation %
Cuy CaO, | 36 Co-evaporation i
CuGaO, 14 PLD -
CuGa _Fe O, | 29 Sputtering :
AgCo0, 4.4 Sputtering :
a-Cr O,:N 0.2 Sputtering g
Cr,0,:Mg 2 Spin-coating 5
Cr0;:(MgN) | 7 Spray pyrolysis L

Table 5.1 Figure of merit for several TCOs reported in literature.

The best figure of merit is that of CuCrMgO; grown by sputtering.
However, the same material grown by spray pyrolysis has a severely lower
figure of merit, reaching a value that is only slightly higher than the figure
of merit of Cr;03:(Mg,N). Furthermore, Cr,03:(Mg,N) has a higher figure
of merit than both the only-Mg doped and only-N doped Cr,O;3 reported so

far in literature. Several other p-type TCOs have a lower or comparable
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figure of merit with respect Cr,03:(Mg,N), despite the limitations in the
deposition technique used in this study.

Moreover it has to be noted that plain Cr,0O3 is long been known to
be an exceptionally hard and durable material, which promises good
stability of films in devices’®”'. There are also reports of the possibility of
n-type doped Cr,Os,which may open up prospects of fully transparent
homo-junctions, if the anionic co-doping approach with nitrogen can
equallybe employed to enhance transparency’”.

Regarding the crystallographic properties, symmetric scans show no
major differences between undoped and co-doped samples, most likely due
to the poor signal to noise ratio at high angles. However, in grazing
incidence configuration, more information could be gathered due to a better
signal to noise at higher angles and, therefore, structural and microstructural
differences could be detected upon N doping. A comprehensive study in
conjunction with the use of different precursor was carried out, as it will be

outlined in next section.

S.4.2. Effect of the defect chemistry
on the properties of Cr,0; grown by

spray pyrolysis

The effect of the chemical precursors was studied with particular
focus on the structural and electrical properties. To this end, different
precursors have been used, in particular Cr(NO;); and CrCl; as Cr sources,
MgCl, and Mg(CH3CO,), for Mg and NH4Cl and NH4(CH;3CO,) as N
sources. HCl and HNOj; were used in order to adjust the pH.

As it can be seen in Figure 5.12 the samples grown in the presence of
ammonium acetate show a systematic shift to lower 26 angles. This shift is
not constant for all the diffraction peaks, as it would be expected from an
error in the zeroing of the detector, nor can be due from a misalignment of
the samples, since this is a random error. Thus it must be related to intrinsic

properties of the film (Figure 5.12).
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Figure 5.12 Grazing incidence x-ray diffraction of (—) undoped, (—)Mg-
doped, (—)N-doped and (—) (Mg, N)-codoped Cr,0;. The vertical black dotted

lines are guidance for the eyes.

The Rietveld analysis carried out by using the program MAUD. Crystal
lattice parameters, dimension of the coherent diffraction domains and micro
strain values were extracted. According to the results of the analysis the
following features emerge (Figure 5.13):

- the value of the c lattice constant remains unchanged, within
the experimental error, for all samples:13.582+0.006 A for samples
grown in the presence of nitrogen versus 13.583+0.0012 for undoped
or only Mg doped samples

- for undoped Cr,03, samples grown by using CrCl; show that
the cell parameter a is systematically larger than those where the
nitrate precursor was used; it is worth noting that the crystal
structure of the samples grown by using chloride have the same
lattice parameters as the database values, while for the samples
grown using nitrate a contraction of the crystal cell structure is
observed

- all samples where nitrogen was present in solution show
bigger diffraction domains

- all samples where nitrogen was present in the solution show

higher a lattice constant than undoped or only Mg doped samples
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- acorrelation between the crystallographic parameters and the
crystal size could be determined, however, this cannot be related to
lattice relaxation due to the small crystallite dimensions, as the
crystal size (300 to 800 nm) is well above 100 nm; moreover the
trend expected for size-effect is the opposite with respect to that

experimentally observed

According to the above observation it can be deduced that the shift
and broadening of the peaks are due to two main effects: the larger crystal
size and the expansion of the cell parameter. In other words the presence of
ammonium ions in the reaction environment helps to improve the crystal
quality of the material deposited by improving the crystallite size. However
this latter cannot be responsible for the increased crystal cell parameter a. In
literature, a similar expansion of the crystal cell has been attributed to the
incorporation of nitrogen into the Cr,O; structure®. This should be expected
as the Cr-N bond (2.06A) is longer than the Cr-O bond (2.01 and 1.96 A).
This represents an indirect confirmation of the incorporation of N into the

crystal structure of Cr,03"
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Figure 5.13a-parameter as a function of crystal size. All the empty symbols are
for samples grown using chromium chloride, all the full symbols are for chromium
nitrate, squared symbols are for undoped samples, triangular symbols are for only
N-doped samples, rhombohedral symbol are for Mg N-codoped samples. The red

line represents the database value for the a parameter.
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As previously mentioned, films grown by using the nitrate
precursors show lower a parameter with respect to those deposited by using
the chloride precursor. They also show lower resistivity than those grown by
using the chloride precursor (Table 5.2). It is worth noticing that undoped
chromium oxide is a highly resistive material and that the a crystal
parameter a for the sample grown using chloride is in line with the database
value, while the value for samples grown by using the nitrate show a lower
lattice parameter. Theoretical calculation should be necessary to verify if
these two observations are related, in other words, if the defect responsible
for the conductivity is also causing a contraction of the lattice cell.

Improved electrical properties were obtained by co-doping. For the
(Mg,N)-co-doped sample different condition were tested by adjusting the
pH. At the beginning of this study chromium nitrate, magnesium chloride
and ammonium acetate were used as precursors and HCI as additive. In this
case, a systematic variation in the electrical properties was observed as a
function of pH. In fact when ammonium acetate is used, the pH of the
solution rises to 5-6. HCI was added slowly in order to decrease the pH in
steps and the effect on the optical and electrical properties was studied. Due
to the difference in the film thickness across samples, the absorption
coefficient and the resistivity of the sample was determined. No systematic
effect was observed on the optical properties, while a steady decline in the

resistivity and in the activation energy was noticed (Figure 5.14).
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Figure 5.14 Effect of the pH on the electrical properties of Cr;0O;:(Mg,N). A
steady decline in the resistivity and on the activation energy was observed when

the pH was brought to lower values.
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Lowering the pH has two main consequences
- partial or complete removal of the acetate moiety, by protonation
and release of the same as acetic acid
- promotion of the reaction between nitrate and ammonium by

favoring the reduction of the nitrate moiety

In order to test if the acetate moiety was interfering with the reaction,
samples were grown by using NH4Cl and Cr(NOs); as N and Cr sources
respectively, in simple words, no acetate was present in the solution. The pH
of the starting solution was 3, which was later brought down to zero by
adding HCI. As it can be seen from Table 2, the sample grown at pH zero
has a comparable resistivity to the sample grown by using ammonium
acetate, while the sample grown at a pH of 3 has a higher resistance than
that grown at a pH 0. The fact that the same trend with pH was observed
when ammonium chloride was used, leads to the conclusion that the effect
of the pH is not related to the removal of acetate from the solution but has to
be linked to the decomposition pathway followed by the nitrate moiety at
different pH. It is well known that heating of ammonium nitrate solution
under atmospheric pressure is followed by the decomposition of the nitrate
moiety by ammonium ions in acidic environment (or ammonia in basic

condition) producing N, and water as final product (Equation 5.3).
NH; +3NO; 4N, +2H" +9H,0 5.3

The reduction of nitrate by ammonia is a spontaneous reaction according
to their electrochemical potential and such reaction is favored at acid pH
where ammonia is protonated to ammonium ion and behaves as better
reducing agent. The final products of the decomposition vary depending on
the temperature and pressure at which the reaction is conducted. High
temperature, pressure and acidic pH favor this reaction. Nitrous oxides are
developed during this decomposition process, and in certain circumstances
they are the major final product of the reaction. For example, it was
demonstrated that under pressurized condition and at 453K, NH4NO;
decomposes giving nitrous oxide and nitrogen with a ratio of 4:1. The
content of nitrous oxide was increased as the pH was lowered. Despite the

fact that in our case the reaction was conducted at atmospheric pressure but
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at much higher temperature, it is reasonable to assume that the reaction
between the nitrate and the ammonium ions does occur producing highly
reactive species such as NO and NO,, whose production is favored at low
pH. NO and NO, has been reported of strictly importance in the
development of p-type material, in particular when this is to be achieved by
N-doping. Their effect has been attributed to the formation of oxygen
precipitates which makes the formation of oxygen vacancies, a type of killer
defect for p-type conductors, unfavorable®.

Thus it can be concluded that nitrate decomposition is a key factor in
achieving the right electrical properties. In order to further confirm this,
some cross-check experiments were performed. In first place, the
depositions have been carried out by employing CrCl; rather than Cr(NO3)s.
All the other conditions were kept unchanged. The pH was adjusted to be
zero by adding HCI. As it can be noticed in Table 1, higher resistivities were
observed when only chloride and acetate were used, i.e. no nitrate present in
the solution (line 7). In this case higher activation energies were registered
as well. Following, the nitrate moiety was inserted in the solution by using
HNOj rather than HCI to adjust the pH, and again CrCl;, NH4(CH3CO,) and
MgCl, as Cr, N and Mg precursors respectively (line 8). In this case
resistivities in line with the best performing samples were achieved.
Comparable sheet resistance was obtained when Cr(NOj3); and HNOj; were
used for the deposition. These experiments confirm that the presence of
nitrate in solution and its decomposition are the necessary in order to

achieve the highest conductivity.
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Sample Crsource | Mg N source | pH P, a
source Qem | A
1 | Cr,0O4 Cr(NOs); | None None 400 | 4.949
2 | Cr,0O4 CrCl; None None »100 | 4.958
0
3 | Cr,03:Mg,N | Cr(NOs); | MgCl, (CH;CO») | 0, HCI | 4.0 -
4 | Cr,03:Mg,N | Cr(NOs); | MgCl, (CH;CO») | 3,HC1 | 5.4 4.964
5 | Cr,0;:MgN | Cr(NO;); | MgCl, ¢l 0, HCI | 4.9 4.963
6 | Cr,0;:Mg,N | Cr(NOs); | MgCl, Cl 3,HCI | 6.0 4.961
7 | Cr,0::Mg,N | CrCly MgCl, (CH;CO») | 0, HCI | 40 4.964
8 | Cr,05:MgN | CrCl; MgCl, (CH;CO») | 0, 9 4.962
HNO;
9 | Cr,03:Mg,N | Cr(NOs); | MgCl, (CH;CO») | 0, tobe | 4.952
HNO; | deter
mine
10 | Cr,05:Mg,N | Cr(NOs3); | Mg (CH;CO,) | 0, HCI | 5.5 4.963
(CH;CO»),

Table 5.2 Summary table about the grown samples. The sample types and the

sources for the different elements are shown along with the electrical and structural

5.4.3. Determination of the nitrogen

content by XPS

An attempt was made in order to determine the nitrogen content in
the films by XPS. Prior to the XPS investigation, samples were
ultrasonically cleaned first in acetone, then in isopropanol, in order to
remove as much contamination as possible from the surface. These
contaminations are the results of condensation of the precursors’ vapours on
the surface at the end of the growth procedure, and they may interfere with
the analysis itself. This procedure however was not sufficient to completely
clean the surface, and strong carbon signal was always present in the survey
scan. For this reason it was necessary to proceed with sputter cleaning. As
sputtering is a destructive technique, this was performed at a low
acceleration voltage in order to limit the damage to the surface of the film

itself.
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Both undoped and doped samples were characterised. For each

3 peak and the N1s peak were measured. The results for an

sample, the Cr3p
undoped sample sputtered at Epeam=0.8 kV, liarge12 pHA, P= 6.5x10° mbar

are shown in Figure 5.15 as a function of sputtering time.
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Figure 5.15 Effect of the sputtering process on the nitrogen determination by
XPS. TheCr2p’? and the Nls peak were monitored as a function of the sputtering
time for an undoped sample. The first row corresponds to the sample as grown, in
the second row the sample has been cleaned for 3 min, in the third row for overall
13 min and in the last row for 23 min. The progressive appearance of a shoulder

at 575 eV and of a peak at 397eV (—) is characteristic of a Cr-N bond.

Before the sputtering treatment, 3 components were visible in the Cr
peak, the main one being assigned to Cr,03 (Ep = 576.5 eV), and two minor
contribution from Cr(OH); (Ey = 578 €V) and CrO; (E, = 575.5 eV)®. The
Nls peak, is centred at the binding energy (Ep, =399 eV) characteristic of
molecular nitrogen (N,). After the first sputtering cycle (3 minutes), a fourth
component appears in the Cr peak, and at the same time a second
component appears in the N peak. According to literature these shifts are
characteristic of chromium bonded to nitrogen, and of nitrogen bonded to

chromium”. As already said, this sample was not N-doped, however since
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chromium nitrate was used as precursors, the same procedures need to be
repeated for sample grown by using the chloride source or for sample grown
by PLD, in order to exclude the possibility of nitrogen contamination
coming from the nitrate moiety. In order to assess if there is, in any case, a
correlation between the appearance of this shoulders and the sputtering
treatment, two more cycles of sputtering were performed and the evolution
of the peaks was monitored. As it can be seen from Figure 5.15, the longer
the sputtering time, the higher is the intensity of the components relative to
the Cr-N bond. This treatment was repeated for other samples, even at more
gentle conditions, (a comparison between an undoped and a doped samples
sputtered at Epean=0.35 kV, ltarger=0.7 pA, P= 8x10® mbar for 5 minutes is
shown in Figure 5.16).The conclusion is that after the sputtering treatment
Cr-N bondsare detected. For doped sample the situation was not different, in
a sense that, no Cr-N bond was visible on the surface before sputtering, but

these components were present after the sputtering cycle.
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Figure 5.16 Comparison of an undoped (left) and a doped (right) sample. In
both case afier sputtering a shoulder attributed to the Cr-N bondwas present.

One possible explanation is that Cr-N bonds were created on top of
the surface as a result of the sputtering procedure. This problem can arise in
part due to the surface sensitivity used for the determination: penetration
depth of x-ray during XPS is limited to the very first few nanometres of the
sample. For these reasons it was not possible to determine the nitrogen
content in the films. In the future, the same sputtering procedure will be

repeated for sample grown by other techniques (such as PLD) or by using
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precursors which do not contain any N atoms. Moreover, the presence of N
will be determined by x-ray absorption studies by using synchrotron
radiation. The advantage of this technique is that it is not surface sensitive,

quite contrary it is a bulk sensitive technique.

S.4.4. Conclusion on the growth and

doping of Cr,0; by spray pyrolysis

So far, it has been shown that it is possible to co-dope a poorly
conducting material and absorbing material, Cr,O3, improving both optical
and electrical properties to such an extent as to make it suitable as a
transparent conducting (or semiconducting) oxide. Systematic differences in
the structural properties of the material has been noticed when nitrogen was
present in the solution, as well as the enhancement of optical transparency
of the material. Mg doping improved the electrical properties, however the
synergistic effect of N and Mg, provide a better conductor than only Mg. At
the same time it was noticed that the presence of ammonium cations and
nitrate anions and the reaction between the two is the key mechanism for
achieving good electrical properties. Now it has still to be understood if the
improved electrical properties are the consequence of the formation of a
defect complex (Mg-N) or if this is a consequence of the presence of NOx
species in the reaction atmosphere that can prevent, for example, the
formation of oxygen vacancies. Indeed, it has to be noted that no direct
proof of the incorporation of N in the film has been found so far. This leaves
still open the possibility that the role of nitrogen is limited to the passivation
of defects. A full understanding of the role of each element and its effect on
the physical properties is complicated, first of all, by the polycrystalline
nature of the films which can accommodate a high level of defects, and,
secondly, by the complicated reaction pathway undertaken by the precursors
during the composition, which can lead to a variety of defects. For this

reason, it is necessary to proceed with the deposition of high quality
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epitaxial films, where a single type of defects can be introduced one at the

time. This topic will be the matter of discussion of the following sections.

5.5. Deposition of undoped and Mg-
doped Cr,0; by PLD

Deposition of Cr,O3 by spray pyrolysis produces low quality, i.e.
polycrystalline rough films. Optical and, in particular, electrical properties
will be severely affected by this. In order to understand the physical limits
of the material itself, it was necessary to grow high quality epilayers. In this
way, dopants and eventually defects can be introduced in a controlled
manner, to try, at least, to obtain some insights into the role of each element
present in this quaternary compound. Furthermore, due to the improved
crystal quality and morphology, some limitations of the low quality SP
deposited films could be overcome, enabling measurements previously not
possible. For example, it was not possible to get any ellipsometric studies on
the spray-pyrolysis grown films, due to the surface roughness which was
causing a high depolarization of the light. The smoothness of the PLD
grown samples, instead, enable this type of study as it will be outlined in
paragraph 5.5.2.Furthermore, a better understanding of the limit to
resistivity was possible by doping with Mg.

5.5.1. Target preparation and thin

film deposition

Chromium oxide and chromium oxynitride have been previously
reported in literature, starting from either metallic or ceramic targets***"*.
In the present thesis, only ceramic targets have been employed due to the
possibility of preparing them in house, as this was giving an extra degree of
flexibility in choosing their composition. Targets were prepared by solid

state reaction. For this purpose, fine powders of appropriate precursors were
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mixed in a mortar and finely grounded. For undoped Cr,O3, nano-powders
were used. For Mg doped films, magnesium carbonate was added in order to
have ratios of Mg:Cr of 3:97, 5:95, 6:94 and 8:92. In order to have a
complete decomposition of the carbonate residual, leaving Mg as a dopant,
powders were homogenised and then thermally treated at 1173K for 24 hrs.
After the thermal treatment, XRD patterns of the prepared powders were

collected, as shown Figure 5.17
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Figure 5.17 XRD patterns of the powders for the target preparation after the
first thermal cycle for different Mg:Cr ratios: (—)3:97, (—)5:95, (—) 8:92 . The

peaks relative to the MgCr,0, are indicated with a square.

According to the XRD analysis, a spurious phase, magnesium

dichromate, was present in all of the three patterns as a result of a limited
solubility of Mg in Cr,0;.

Following, the powders were grounded in a mortar with the addition
of few droplets of a solution of polyvinyl alcohol (PVA) in isopropanol
(IPA) (15% w/w). This was necessary in order to preserve the integrity of
the target during the following annealing steps. The powders were then
pressed into pellets and sintered in air for at least 72 hrs. at 1273K.

For the deposition, the target were placed in the appropriate holder
and they were kept rotating during the ablation. Prior to ablation, the
chamber was evacuated to a pressure lower than 1x10° bar. Following, the

Al,Oj; substrates were annealed for 2 hrs. at 873K in an oxygen environment
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(pressure of 100 pbar). Afterwards the targets were pre-ablated with fluency
of roughly 0.3 J/em® and repetition rate of 20 Hz for 5 minutes in order to
eliminate any contaminants from the top of the surface. In the screening
procedure different conditions of pressure, substrate temperature and laser
fluency were tested. After deposition samples were subjected to XRD, XRR
and AFM analysis. Optimum growth conditions were achieved at 773K,
laser fluency of 0.3-0.5 J/cm?®, substrate to target distance of 7.5 c¢m and
oxygen back-pressure of 100 pbar. These values of laser fluency are quite
low in comparison to those normally used for oxides (around 1 J/cm?), most
likely because the in-house made target density is not high enough
(maximum density achieved of about 80% of the tabulated density value).
These conditions were chosen as a trade-off as lower fluencies lead to a very
low ablation rate and therefore low deposition rate, while higher laser
fluencies produce rougher films. With a laser fluency of 0.3 J/cm? a growth

rate of 0.3 A/min was achieved.
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Figure 5.18. Comparison between two samples grown by using different
laser fluency. On the left the sample grown by using a fluency of 1J/cm’ has a rms
surface roughness of 8 nm while on the right the sample grown by using a fluency

of 0.3 J/em’has a surface rms roughness of 5 nm

Samples were subjected to XRD characterization in order to verify
the crystal quality of the film deposited and the epitaxial relationship with
respect to the substrate. Out of plane and in plane scan were performed, an

example of which is shown in Figure 5.19.
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Figure 5.190n the left: the out of plane XRD scan of a Cr,0; film grown on
sapphire (—). The substrate pattern is given as a reference (—). The symbol m
indicate a peak coming from the Ag paint used to load the substrate in the PLD
sample holder. On the right: the in plane scan of Cr,O; showing both the substrate
and the epilayer reflexes at the same y angle: (—)y=0, (—)y=120 and (—)y=240

In the out of plane scans, only the Cr,O3; and Al,O3; were present.
Sometimes residual peaks coming from the Ag paint used to mount the
samples could be detected for some samples. From the relative position of
(0 0 6) and (0 0 12) reflex of the Cr,O3 phase with respect to the same reflex
of the Al,O; phase, it could be seen that the films were completely relaxed
and no residual strain was present. Indeed, this was an expected result as the
critical thickness is 5 nm.

In order to determine the epitaxial relationship, the presence of the
(1, 0, 10) reflexes of both phases were analysed as a function of the ¥ angle.
As it can be seen in Figure 5.19, both reflexes are present at the same ¥
angles, an indication that no in-plane rotation is present in the deposited
layer with respect to the substrate. As a confirmation, a ¥ scan was
performed, and diffraction patterns were found at 120° rotation,
demonstrating the 3 fold symmetry of this particular plane.

The same analysis was performed on a doped film. The out of plane
scan of two films, one doped with a Cr:Mg ratio of 95:5, the other with a

ratio of 92:8 are shown in Figure 5.20.
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Figure 5.200ut of plane XRD patterns of Cr,0;:Mg samples (—). A pattern
relative to the bare substrate (Al,0;) is reported for comparison (—). On the left,
the sample with x=0.05 shows only the peaks attributed to the Cr,0; phase. On the

right, the sample with x=0.08 show a secondary phase, magnesium dichromate.

Up to a nominal ratio of Cr:Mg of 94:6, no spurious peak is present,
while for a ratio of 92:8, a secondary phase, magnesium dichromate
(MgCr,;04) was identified in the deposited films. Since these ratios represent
only the Mg concentration in target, it was necessary to verify the actual
content of Mg in the film. For this reason XPS measurements were
performed. According to the survey scans, carbon contaminations were
present on top of the surface of the as grown samples due to the exposure to
the ambient atmosphere during the transfer from the deposition chamber to
the XPS apparatus, limiting the signal to noise ratio. For this reason it was
necessary to performed sputter cleaning. The sputtering conditions were the
following: 0.5 kV beam energy, 1.4pA target current, 1.0x107Ar pressure, 5
minutes.

From the analysis of the Mg concentration in the film, it was
demonstrated that the transfer from the target was almost stoichiometric
(Figure 5.21). This is quite remarkable in comparison to the spray pyrolysis
grown films as in the latter case no spurious phase were detected up to a Mg
to Cr ratio of 15:85. For epitaxial film, instead, half of the Mg concentration

was sufficient to induce phase separation.
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Figure 5.21 Mg concentration incorporated in the deposited film with
respect to the relative target composition. Determination has been carried out by

XPS measurements.

Electrical properties were determined by measuring the sheet
resistance and the activation energy over a temperature range from 323 to
423 K. Resistivity values were compared.The resistivities of the samples
grown by PLD are remarkably lower than those obtained from only Mg
doped sample and in line with the (Mg,N)-co-doped samples grown by
spray pyrolysis. The minimum resistivity for the PLD grown films was
obtained with a ratio Cr:Mg of 95:5, and was determined to be 3 Qcm. This
compares with the 15 Qcm of the only Mg-doped and with the average 5
Qcm of (Mg,N)-codoped samples (minimum resistivity achieve in the co-
doped case 3 Qcm) grown by spray pyrolysis. Activation energies are also
lower than those obtained by spray pyrolysis: 170 meV for the PLD grown
samples, 190 meV for the Mg,N-codoped samples, and 200meV for the only
Mg-doped samples grown by spray pyrolysis.
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5.5.2. Ellipsometric determination

of the Cr,0; dielectric function

Fewliterature reports deal with the dielectric function of Cr20375'78.
However, none of them gives a complete dielectric model able to correlate
the structures present in the dispersion of n and kwith physical optical
transitions as according to band structure calculation. High scattering in the
determined dielectric functions was present, with all the values of dielectric
function determined on polycrystalline or amorphous films. Moreover
Uekawa and Kaneko™ reported that upon Mg doping, an increase in the
absorption coefficient was noticed from UV-Visible spectrophotometer
measurements. Therefore the optical properties of epitaxial grown films
were further investigated by spectroscopic ellipsometry (SE). For this
purpose, the spray pyrolysis deposited samples were not useful as the
roughness at the surface was very high, resulting in depolarization of the
light upon reflection and therefore the only possible method to determine
the absorption coefficient was by using the transmission data and applying
the Beer’s law. Even the for the PLD grown samples only those grown
under optimized laser fluency were smooth enough to be suitable
foranalysis. Only ellipsometric measurements were performed since UV-
Visible spectroscopy could not be usedas it was not possible to completely
remove the Ag paint from the rough back of the substrates, and even a small
residue of such absorbing material can interfere with measurements. In
order to get a complete picture, samples grown by molecular beam epitaxy
(MBE) by Dr. Sumesh Sofin were also subjected to investigation. For those
MBE samples whose size was big enough to fit the spectrophotometer
sample holder, transmission measurements were performed as well.

In order to determine the dielectric function, the thickness was
estimated from x-ray reflection (XRR) measurement and this was used to
perform the point to point calculation to extract the n and k dispersion (and
therefore the dielectric function) from the ellipsometric measurements. By

evaluating the line shapes and at the structures present in the dielectric
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function, a dielectric model was built up. To this end, the lowest number of
fitting parameters was used, trying to attribute a physical meaning to each of
them. For this purpose, the structures present in the point to point
calculation, the previous results from transmission measurements on spray
pyrolysis grown samples and the data from the literature overviewwere
taken into account™ ', In this way 4 different transitions were identified. In
the first attempt, 4 Lorentian oscillators were used for the dielectric model.
However these were not enough to get a good fitting on the ellipsometric
data and the use of a polynomial equation was required in order to achieve a
good matching. The drawback of this approach was that no physical
meaning could be attributed to the polynomial variables, which were used
only as fitting parameters. This made the comparison between optical
transitionsand the band structure calculation performed by Prof. Watson’s
research group quite difficult. Moreover, in the future, the plan is to study
the effect of specific defects introduced in a controlled manner on the
optical properties. For this reason a second dielectric model was developed,
which includes four critical points according to the optical transition
reported in literature and a constant dielectric background, &.. The
transitions associated to each critical point are the following:

- 2 excitonic standard critical points to simulate the d-d transition

reported at 2.06 and 2.7 eV

- 3D bulk critical point to represent the band gap, usually reported

at3.4eV

- a single excitonic critical point to reproduce the further

absorbance peaks reported in the UV region of the spectra,

Data were collected at an angular range close to the pseudo Brewster
angle (69°,71°,73°) over an energy range spanning from 1.5 to 5 eV by Mr.
Christopher Smith, using a micro-spot due to the small size of the sample. In
this way the spot size could be reduced to about 300 pm. For the fitting, the
thickness as determined by XRR measurements was used as an input
parameter, in order to reduce the number of free variables. Intensity,
position and broadening of the peak as well as the value of &, were

optimized.
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photon energy (eV)

Figure 5.22 Comparison between the n and k as determinedfrom the point to
point calculation (—) with the dispersion as determined from the model (—) for a

sample grown by MBE.

In order to assess the quality of the model, comparison with the n.k
as determined from the point to point calculation was made for each sample,
and the level of the agreement was used to judge the quality of the model
itself (Figure 5.22).

Regarding the general line shape, this is mostly given by the
structure introduced by the 3D bulk critical point. This by itself will be able
to account for the dispersion in the dielectric function.The fitting improves
when the 2 excitonic critical points are included as they introduce the 2
weak transitions in the visible part of the spectra. Above 3.5 eV the 3D
critical point is not able to account for all the absorption and therefore
another excitonic critical points is require to reproduce the transition
happening in this spectra region. Regarding the energy region around the
band gap, (from 3 eV to 3.6 eV), the general line shape is reproduced;
however the fine structure is not perfectly reconstructed, even when the
phase of the 3D critical point was optimized. This means that probably the
shape of the band structure around the band gap is not perfectly parabolic.
However at this stage, without any further input from theoretical
calculation, it is difficult to assess this issue only from the experimental
point of view.

Only for MBE grown samples, both transmission and ellipsometric

measurements were available, and therefore it was possible to verify the
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accuracy of the fitting procedure, and thus, the reliability of the data
extracted. In fact there is an intrinsic limitation in the accuracy of the k
values as determined by spectroscopic ellipsometry due to a limited
thickness of the sample. All the samples measured had thicknesses values
spanning from 30 to 60 nm. In this range, for semi-transparent and
transparent materials, reflectance measurements are mostly sensitive to n
rather than k. Transmission measurements will be more sensitive to
absorption. In order to verify this latter contribution, Dr. K. Fleischer
performed the refinement by including the transmission data in the fitting
routine, however, only a marginal increase in the k value was obtained
(Figure 5.23), and the transmission data were already well fitted by using
the complex refractive index extracted by the ellipsometric model.

For the spray pyrolysis grown films, however, no ellipsometric data
were available, but only transmission measurements. Thus, it was important
to verify if there was any significant difference between the two methods
used to extract the absorption coefficient: o from transmission
measurements via the Beer’s law versus o from ellipsometric measurements
via the extinction coefficient (a=47k/A). For this purpose, the two methods
were used to determine the alpha for the same MBE grown sample. As it
can be seen from Figure 5.22, there is quite a mismatch between the two
lines. This mismatch is due to the fact that a systematic error is introduced
in the determination of alpha from transmissions measurements only. In
fact, due to the small size of the sample it was not possible to perform
reflectance measurements. This means that, the light which is reflected, is
still considered as absorbed in this determination. In other words, the
absorption coefficient, determined via transmission measurements, is
overestimated by a quantity equals to the reflectance of the films, which is
not properly treated. As already mention, reflectance measurements could
not be performed due to the lack of an appropriate sample holder. Thus
values determined by spectroscopic ellipsometry are the most reliable.
However, this type of measurements could not be performed on spray
deposited films due to their high roughness. For these, only transmittance

data were available. Therefore in order to perform a fair comparison, for
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MBE grown samples the value of alpha extracted from only transmission

measurements will be used, though acknowledging all the limitation of this

latter approach.
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Figure 5.23 Comparison between the k values as derived from a fitting

procedure which includes (--) the transmission measurements with respect to the

same derived from a fitting routine based only on the SE data (—). It is worth

noting that the absorption coefficient as determined from transmission

measurements (—) is quite different in comparison to that determined from

ellipsometric measurements (—).

Regarding the MBE sample, under-stoichiometric and stoichiometric

Cr,05 films were grown, as determined from XRD measurements (Figure

5.24). No major differences in the optical response could be seen between

the 2 set of samples.
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Figure 5.24 XRD pattern of (—)under-stoichiometric and (—)stoichiometric

Cr,0; grown by MBE. The difference in stoichiometry has only marginal effect on

the optical properties (n,k) as determined by spectroscopic ellipsometry
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The n and k are reported in Figure 5.25for both MBE and PLD
samples. In both cases the dominant absorption and dispersion is introduced
by the 3D critical point around the band gap, which by itself would be able
to reproduce the line-shape of the dielectric function. As shown in Figure
5.25, there is quite a difference between the n and k calculated for MBE and
PLD samples.

30

25 |

20F

3
photon energy (eV) photon energy (eV)

Figure 5.25 On the lefi. The n, k dispersion as determined for undoped
Cr;0; grown by (—) MBE and (—)PLD. On the right, the n and k determined of
undoped (—) and Mg doped (0.03, —; 0.05, —) grown by PLD.

From the crystallographic point of view, both samples are similar
(perfectly stoichiometric epitaxial Cr,O3; 0001 oriented), while from the
XRR point of view, samples grown by MBE are denser than both the
tabulated values and the PLD grown films. Moreover, from the
morphological point of view, samples grown by PLD are slightly rougher
(rms = 5 nm) than MBE samples (rms = 2.5 nm). An attempt was made to
insert the roughness into the fitting routine, by using the Bruggeman model,
however, during the fitting routine itself the thickness of this extra layer was
reduce to zero. At the same point, no improvement in the fitting was
obtained when this layer was inserted.

Following Mg-doped samples were measured and analyzed by using
the same dielectric model as described above. Within the experimental error
no change was detected in the extinction coefficient between undoped and
doped samples. This result is in contradiction with respect to those reported

by Uekawa and Kaneko but in agreement with previous results from spray
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pyrolysis grown material for which the value of absorption coefficient
determined for Cr,O; was not affected by the presence of Mg. In other
words, for both samples the determined absorption coefficient coincides
within the experimental error.

Because of the difference in the absorption coefficient as determined
from transmission and from SE measurements, for the MBE grown sample,
transmission measurements were used to determine alpha. Since such data
were not available for PLD grown samples, the ellipsometric measurements
were used. These were compared to the values determined by transmission
measurements for undoped and N-doped samples grown by spray pyrolysis

(Figure 5.26).
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Figure 5.26. Comparison between the absorption coefficients calculated
from transmission measurements for (—) undoped and (—) nitrogen doped Cr,0;
grown by spray pyrolysis, transmission measurement for an undoped samples
grown by MBE (—)and the absorption coefficient calculated from the extinction
coefficient for (—) PLD grown samples. The error bars are representative of the

scattering between different samples grown with the same technique.

As it can be seen from Figure 5.26 the absorption coefficients as
determined from the PLD samples coincide, within the experimental error,
with the absorption coefficient of undoped Cr,O3 grown by spray pyrolysis.
Similar absorption coefficients were found for undoped spray pyrolysis
grown samples and MBE grown sample in the visible portion of the spectra,
while, around the band gap, the absorption of MBE grown samples

coincides with that of N-doped samples. As it can be seen, the line-shape of
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the MBE grown samples is different from the others. This is probably due to
the superimposition of a Fabry-Perot oscillation, however, further

investigations are required in order to confirm it.

S.6. Conclusions on the optical and
electrical properties of undoped and

doped Cr,0;

Cr,O3 undoped and Mg-doped was grown by PLD. The samples
were subjected to both optical and electrical analysis. An optical model was
developed able to reproduce the ellipsometric measurements for all the
samples.

Undoped samples were insulating with optical properties comparable
to those of undoped Cr,O3; grown by spray pyrolysis. Samples doped with
Mg have a better conductivity and lower activation energies than those
grown by spray pyrolysis. No differences in the optical properties were
observed with respect to undoped samples. However a quite remarkable
difference was determined in comparison to undoped samples grown by
MBE. In this case a lower extinction coefficient was observed with
properties quite comparable to those of N-doped samples grown by spray
pyrolysis, at least around the band gap. However, one needs to be careful in
comparing the optical response as determined from spectroscopic
ellipsometry with respect to UV-visible spectrophotometer measurements.
In fact, as shown for MBE grown samples, systematic difference were
observed between the two cases. A further improvement in the analysis is
expected once an appropriate sample holder for small size samples will be
available for the integrating sphere spectrophotometer. This will enable both
transmittance and reflectance measurements for all the samples, reducing
systematic errors when absorption is calculated from transmission
measurements alone. Nevertheless, this comparison leads to the conclusion

that for undoped chromium oxide, both PLD and spray pyrolysis grown
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samples show a broad band absorption which increases the absorption
coefficient in comparison with N-doped samples. The reasons for this are
still under investigation, however, point defects such as the presence of
Cr(VI), for example, have been already reported in literature as the cause of
such absorption. At the same time, this shows that, despite the defective
nature of Cr,03:(Mg,N) grown by spray pyrolysis, the latter still show the
lowest absorption coefficient in the visible range, demonstrating the
importance of nitrogen in modifying the optical properties of this material.
Future experiments will aim to clarify if the presence of reactive nitrogen
(plasma) in the deposition environment, will lead to a comparable reduction

of the absorption coefficient for samples grown by PLD and MBE.
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Chapter 6

Concluding remarks and

future prospective.



6.1 Conclusions and outlook

This PhD study has been devoted to the synthesis and optimization
of transparent conductive oxides with particular regards to their possible
implementation in solar cell devices. This latter aspect is presently on-going
within the scheme of the Ulysses project.

The thesis discusses two main strands, according to the classification
of TCOs as n-type or p-type depending on the type of carriers responsible
for the conductivity. Prospective and goals for these two main subjected are
rather different.

For the n-type TCO, focus was on basic studies, in particular the
relationship between the physical properties of deposited films and how
these relate to the different chemicals used. This offered also the
opportunity to get a better understanding of the deposition technique and
explore its limits. The following two applications were pursued: the first
deals with the tuning of the optical properties, in particular the refractive
index of ZnO to use it as an internal antireflecting layer for minimizing the
loss due to the index mismatch between the front glass and the TCO.
Aluminium was used for this purpose, and the capability of this material to
fulfill this tasked was assessed from a theoretical point of view by Dr.
Fleischer. In the near future this material will be tested in a real device. The
second application was to find an alternative precursor for the synthesis of
FTO. At the time the study was performed, BSF as a source of fluorine
looked promising as it was still classified as non-toxic. Regardless the fact
that this classification was changed, this precursor turned out to be an
effective fluorine source and doped samples showed improved conductivity
and degenerate behaviour in comparison to the semiconducting undoped tin
oxide.

In the second part of the thesis, the deposition and the properties of a
new p-type TCO will be discussed. This task was accomplished by co-
doping of Cr,Oswith Mg and N. The effect of the two elements, combined
together, produced a p-type TCO with performance comparable, in terms of

figure of merit, to many TCOs reported so far, despite the acknowledged
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limitation of the deposition technique used. The deposition of such material
opened a number of questions, which could be answered only partially
during the course of the present PhD study. The role of Mg is so far the
clearest, being a dopant in classical terms. As demonstrated by the growth
of Mg doped films by PLD, the crystal quality influences the electrical
properties, i.e. the epitaxial films have a 5 times better conductivity than the
polycrystalline films prepared by SP. It has to be noted that the minimum
conductivity reached for the epitaxial grown films is comparable with that
of the co-doped films, proving the success of the co-doping approach. So far
there are 2 possible explanations for that: the first is that a Mg-N complex is
formed, an indication of which was found in the increased parameter a of
the crystal structure for co-doped films with respect to the database value.
On the other side, the reaction between nitrate and ammonium ions could be
responsible for the enhanced conductivity, due to the formation of NOy
species in the reaction atmosphere. In order to verify which one of the above
is responsible for the higher conductivity of co-doped samples, it will be
necessary to grow the same type of sample by using a different technique.
Regarding the optical properties, the effect of the nitrogen has still to
be clarified. Direct measurement of the nitrogen concentration by XPS is
complicated by the surface sensitivity of the technique and by the reaction
taking place upon Ar sputtering. So far only an indirect confirmation could
be given, i.e. the band gap opening and the increase in the crystal lattice
parameter a. Direct determination of the nitrogen content will be performed
by x-ray absorption at the Synchrotron facilities of the Maxlab, Sweden.
Comparison with epitaxial undoped films grown by MBE and PLD confirm
the importance of the N in the reaction environment, as N-doped samples
still show a lower absorption coefficient with respect to undoped samples in
the visible range of the spectra. Regarding the n and k dispersion,
differences could be found between samples grown by MBE and PLD, with
the latter having a higher extinction coefficient. It has to be clarified if this
difference is due a systematic overestimation of the absorption coefficient of
the films grown by PLD because of a higher roughness or if thiscoincides
with the previously reported broadband absorption due to the presence of

chromium in different oxidization states.
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Regardless of these fundamental questions, it will be still interesting
to explore the possibility of using these materials as buffer layers in organic
solar cells. To this end, undoped and Mg-doped films will be tested in real

devices, thanks to the collaboration with the University of Nantes.
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Appendix



Appendix Al: DFT calculations of
the band structure of Cr,0; and
Mg.’CI'203

Development of a new p-type transparent conducting oxide was
achieved, from an experimental point of view, by co-doping of Cr,0O3 with
Mg and N. In order to get a better understanding of the doping mechanisms
and in order to assess the role of each single element on both electrical and
optical properties, comparison with theoretical calculation is required. To
this end, collaboration with prof. Graeme Watson and Dr. David Scanlon
was established.

Density functional theory calculations were performed by Ms. Aeofa
Kehoe under the supervision of prof. Graeme Watson and Dr. David
Scanlon.

All density functional theory (DFT) calculations were carried out
using the Vienna ab initio simulation package (VASP)', which employs
periodic boundary conditions to expand crystal wave functions in terms of a
plane-wave basis and describe valence electronic states. Calculations were
performed with the general gradient approximation (GGA) of Perdew,
Burke, and Ernzehoff® and included a Hubbard-like +U term of Dudarev et
al. to account for on-site Coulombic interactions”. Uesr values of 3 eV and 5
eV were applied to the Cr d states and O p states, respectively, and were
obtained by comparing the valence band structure of density of states
calculations with photoemission spectra in references [4] and [5]. All
calculations were spin polarised to simulate the antiferromagnetic structure
of the system.

Calculations were performed on a 30 atom hexagonal representation
of the unit cell of Cr,03, the lattice parameters of which were optimised by
fitting an energy-volume curve to the Murnaghan equation of state®. A 2 x 2

x 1 supercell containing 120 atoms was created, and a range of intrinsic and
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extrinsic point defects were introduced. The defect formation energies were
calculated according to the equation A.1.

AH¢(D,q) = (E@® — EH) + ¥in; (E; + w) + a(Eermi + €V8m) + Ealign[a] A1

E®?9 and E" are the energies of the pure and defective cell,
respectively. E;, the elemental reference energies, were found from
calculations of the standard states, and n represents the number of each of
these types of atom that are formally added to or taken from an external
reservoir. The equilibrium growth conditions are considered using the
chemical potentials, p;, while the electronic chemical potential, Epemi,
ranges from the valence band to the conduction band edges. aHVBM
represents the valence band maximum eigenvalue in pure Cr;Os;. The
alignment term Egign[q] both aligns the electrostatic potential between the
pure and defective cells, and corrects for finite-size effects in the charged
impurities calculations’. For a given defect, the thermodynamic transition
level for charge states q and q’ (ep(q/q’)) are equal to the Fermi level at

which the two charge states have equal energy (Eq A.2)

ep(a/q)) = HRUAOD) A2

A I'-centred 6 x 6 x 2 k-point mesh and a I'-centred 2 x 2 x 2 k-point
mesh were employed for the unit cell and 2 x 2 x 1 supercell, respectively.
Projector augmented wave (PAW) pseudopotentials were used to describe
the interactions between the cores (Cr:[Ar] and O:[He]) and valence
electrons. A plane wave cut-off of 400 eV was employed, and calculations
were deemed to have converged when the forces on each atom were less
than 0.01 eV A™.

The band structure is reported in Figure A.1.
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Figure A.1. Band structure calculation of undoped Cr;03

It can be notice that the VBM is rather flat, leading to heavy effective
mass, which is in agreement with the poor electrical properties reported in
literature for this material. Doping with Mg leads to the introduction of a
defect level 400 meV above the VBM. This level is attributed to be
responsible for the improved conductivity of Mg:Cr,O3; with respect to
undoped Cr,O;. The fact that this defect is not shallow, explain why the

conductivity in low.
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