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Abstract

Wide-band gap semiconducting oxides combine high electrical conductivity with
optical transparency and find important applications as transparent contacts in solar
cells, energy-efficient smart windows and thin film transistors used in flat-panel dis-
plays for smartphones and tablets. Among the material family of transparent conduct-
ing oxides, InyO3, SnO,, ZnO and CdO are the most prominent examples which all
exhibit excellent n-type conductivity. Transition metal oxides such as Cu,O, CuAlO,
and NiO were investigated for their p-type conductivity, which remains a great chal-
lenge to achieve in oxide semiconductors.

This thesis presents an investigation of the electronic structure and transport prop-
erties of NiyMg;_,O, a fully miscible solid solution of NiO and MgO which allows for
band gap tuning in the deep ultraviolet spectral region. Both materials crystallize
in the cubic rock-salt structure with nearly identical lattice parameters, but their
alloys exhibit an unusually large, non-parabolic band gap bowing which has led to
controversial discussions in the literature.

The second part of this thesis focusses on the thin film crystal growth, the electron
transport properties and doping in the ideal cubic perovskite BaSnOs3, which recently
attracted significant interest as high-mobility electron transport material for oxide
electronics composed of earth-abundant elements. An effective solid phase epitaxy
method for preparation of high-mobility La:BaSnOj3 films is developed, employing the
room temperature-deposited nanocrystalline films as precursor. Furthermore, the
first experimental report of interstitial H-doping of BaSnOj films is demonstrated,
presenting a promising n-type doping alternative for achieving excellent conductivity.
Finally, the origin of the exceptionally high room temperature mobility is investig-
ated through an in-depth characterization of the electron effective mass and carrier

scattering mechanisms in epitaxial La:BaSnOg thin films.
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1 Introduction

1.1 Wide-Band Gap Semiconductors

1.1.1 Definition and Applications

The band gap of a semiconductor determines the energetic separation of the valence
band, which is occupied by electrons, from the conduction band, which is unoccupied
at absolute zero temperature. While electrons may be excited from the filled valence
band to the empty conduction band by thermal activation or photon excitation,
no states exists within the band gap which may be occupied by electrons. The
forbidden energy gap presents a fundamental property of a semiconductor, and its
magnitude and the ability to adjust it determines a semiconductor’s potential for
device applications. For example, in solar cells semiconductor layers of different band
gaps are stacked to efficiently harvest the entire solar spectrum with wavelengths in
the near infrared (IR) and visible spectrum for energy conversion. Vice versa, light-
emitting diodes (LEDs) employ semiconductors to convert electrical energy into light
of a specific wavelength determined by the band gap energy.

Wide-band gap semiconductors are characterized by a forbidden energy gap which is
significantly larger than those of the most widely employed semiconductors Si (1.1 eV)
and GaAs (1.4 eV) in electronics and photovoltaics. They exhibit fundamental optical

absorption edges in the green, blue or even ulraviolet (UV) spectral region. Wide-
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band gap semiconductors find important applications as photoconversion materials
in UV light detectors, active light emission layers in short-wavelength blue and UV
semiconductor LEDs and laser diodes. The available colour spectrum of semicon-
ductor LED chips and laser diodes is now covering the entire visible region including
red, green and blue light emission and has modernized lighting solutions, because
the devices are very small and robust, energy-saving due to their high conversion

efficiency and exhibit significantly longer lifetimes than incandescent light bulbs.

An increasingly important class of wide-band gap semiconductors is represented
by transparent conductive oxides (TCOs), which combine high optical transparency
in the visible spectral region with good electronic conductivity and find important
applications as transparent contacts for solar cells, energy-efficient smart windows and
high mobility electron transport layers in thin film transistors for flat panel displays.
Since the growth of the TCO market strongly benefits from the rising demand in
sustainable energy solutions using solar power generated from photovoltaic cells and
the world-wide adoption and integration of flat panel displays and smart devices in
everyday life, application and integration of oxide semiconductors is a key technology
in the future. Furthermore, development of oxide power electronics is still in its

infancy and its full potential is yet to be explored.

The first chapter of this thesis provides a comprehensive overview of the funda-
mental properties and applications of different classes of wide-band gap semiconduct-
ors. Secondly, the scientific background and an introduction to the current status
of research on the wide-band gap semiconducting oxides Ni;_ Mg, O and BaSnQOs is

provided, which will be the focus in the results chapters of this thesis.



1.1 Wide-Band Gap Semiconductors

1.1.2 Classification of Wide Band Gap Semiconductors

Wide band gap semiconductors are typically classified according to their chemical
affiliation into group II oxides and chalcogenides (ZnO, ZnSe, NiO), group III ni-
trides (GaN, AIN, InN), and the group IV semiconductors (SiC, diamond). Since
optoclectronic devices based on these semiconductors require high quality crystals,
these materials are usually prepared in form of nanometer-scale thin films by vapour
phase epitaxy at high temperatures on lattice-coherent single crystal substrates. Thus
different wide-band gap semiconductors are often compared by their band gap energy
and lattice parameter as shown in Fig. 1.1. The lattice constant a of hexagonal crys-
tals can be compared with those of cubic crystals after dividing by a factor of v/2
in terms of atomic bond lengths. Direct and indirect band gap semiconductors are
indicated with filled and empty symbols, respectively. For application in solar cells
and LEDs, direct-band gap semiconductors are of particular interest since they gen-
erally exhibit better light absorption and light emission properties than indirect band
gap semiconductors. The wide-band gap semiconductors subject of this work are
NiyMg;_,O, a fully miscible solid solution formed of NiO (3.7 eV) and MgO (7.8 eV),
and the ideal cubic perovskite BaSnOj3 (3.1 eV).

Extensive research on the III nitride Gay,In;_,N system has been conducted with the
prospect of realising efficient green and blue LEDs. The development of the shorter
wavelength GaN (3.4 eV) LEDs which enabled energy-efficient and environmentally
friendly white lighting has recently been awarded with the 2014 Nobel Prize in Phys-
ics [2]. The III nitride wide band system has then been extended using Al,Ga; (N
alloys to increase the band gap up to 6.2 eV for development of deep UV LEDs [3].
Al,Ga;_ N is commonly alloyed with InN to a small amount for enhancing light emis-
sion efficiencies, which is thought to be due to compositional segregations of InN

creating built-in quantum wells [4]. While Ga,In;. N LEDs are efficient light sources
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Fig. 1.1: Comparison of the band gap energy, lattice parameter and crystal symmetry of
important wide-band gap semiconductors (reproduced after Wang in Ref. [1]).
Direct and indirect band gap semiconductors are indicated with filled and empty

symbols, respectively.

in the visible range, the efficiency of UV LEDs based on Al,Ga;_.N suffer mainly from
the high density of dislocations arising from the hetero-epitaxial growth on foreign
substrates [5] and the difficulty of p-type doping for the higher band gap materials [6].
However, high crystal quality epitaxial GaN films on sapphire can be obtained using
a low-temperature buffer layer of AIN [7]. Homoepitaxial growth on native GaN sub-
strates results in the highest crystal quality, but large-area GaN single crystals are

very difficult and expensive to prepare.

Among all oxide semiconductors, ZnO demonstrates the greatest potential for fab-
rication of efficient UV LEDs and laser diodes as very sharp excitonic emission at
around 385 nm wavelength can even be observed at room temperature [§]. ZnO is a
direct band gap semiconductor (3.3 eV) which also crystallizes in the wurtzite struc-

ture and the lattice parameters are very close to GaN. Likewise, high quality ZnO
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thin films can be grown on Al,O3 and ScAIMgO, substrates [9]. The key problem to
solve for fabrication of more efficient UV LEDs is the difficulty of p-type doping of
ZnO [10], which poses a problem for most oxide semiconductors in general. Only few
reports of p-type conductive ZnO exist and the reproducibility of hole transport prop-
erties has been questioned. An UV LED composed of p-n homojunction ZnO with
a Zn0O-Bey2ZngsO quantum well structure with a sharp light emission wavelength

of 362 nm has been reported [11], but efficiencies are low as compared to III-nitride

LEDs.

ZnSe is a direct band gap semiconductor (2.7 eV) crystallizing in the zinc blende
structure for which bright blue emission was obtained. Alloying with other isostruc-
tural IT chalcogenides to form MgS-ZnSe solid solutions allows for tuning of the band
gap within the UV spectral region. Multi quantum wells with a wide flexibility to
adjust the lattice parameter can be prepared on the commonly used GaAs substrate.
Even though efficient white ZnSe-based LEDs can be produced [12], the major draw-
back of the chalcogenide-based devices is the short lifetime due to microscopic defects

that cause device degeneration [13].

SiC crystallizes in different modifications, among them the stable SiC 4H in wurtzite
structure with a band gap of 3.2 eV is widely used in high power electronic devices.
SiC has also been used to fabricate blue LEDs [14], but due to its indirect band gap
light emission efficiencies are low. Diamond also belongs to the group of indirect band
gap semiconductors (5.5 eV), but due to its extraordinary high exciton binding energy
it shows strong light emission at room temperature and is investigated for application
in deep UV LEDs [15]. Furthermore diamond shows a very large breakdown electric

field and is being developed for power electronics [16].
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1.1.3 Transparent Conducting Oxides

Transparent conducting oxides (TCOs) such as InyO3, ZnO, SnO, and BaSnO;
present an important class of wide-band gap semiconducting oxides which are char-
acterized by their functionality in combining high optical transparency in the visible
region with large electrical conductivity. An example of the optical spectra of a typ-
ical TCO is given by a La-doped BaSnOj film on a MgO substrate in Fig. 1.2(a).
TCOs are optically transparent in the visible spectrum from about 300 — 800 nm and
the oscillation fringes result from interference effects in the film. The fundamental
absorption edge in the short wavelength blue or UV spectral region is determined
by the band gap (Fig. 1.2(b)) and at high doping levels enhanced IR absorption and
reflectance is observed due to plasma oscillations of quasi-free electrons occupying the

conduction band [17].

(a) (b)

00— AE

80

Transmission . CB

Reflectivity

q
-
-

T, R, A (%)

500 1000 1500 2000 2500 k

Wavelength (nm)

Fig. 1.2: (a) Optical transmission, reflectance and absorption spectra of a La-doped BaSnO3
film for wavelengths of 250 — 2500 nm. (b) Schematic clectronic band structure of

degenerate La:BaSnOgs (reproduced after Ginley et al. [17]).

After doping, In,O3, ZnO and SnO, exhibit a resistivity as low as 107 Qcm
(Fig. 1.3) [18]. Polycrystalline Sn-doped InyO3 (indium tin oxide, ITO) is extens-

ively used in commercial applications as transparent contacts in solar cells and flat
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panel displays since it provides the largest conductivity while maintaining 90 % op-
tical transparency in the visible spectral region. Further TCOs include related alloys
or compounds, such as ZnSnOgz, Zn,SnO, and Mgln,O4. CdO and CdySnO, are
also subject of research, but are unlikely to find commercial applications due to Cd
toxicity. All of these semiconductors can be deposited at low temperature which is
beneficial for industrial production to reduce manufacturing costs and enables device
preparation on soft and flexible polymer substrates for a large variety of applications.
La-doped BaSnOj is an emerging TCO which recently gained significant attention
since the report of a 320 cm?/Vs room temperature mobility in single crystals [19],
presenting the highest reported for any TCO material at a similar high doping level

and the highest mobility among all perovskite oxides.
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Fig. 1.3: Progress of decreasing the electrical resistivity of impurity-doped SnOq, InyOs3
and ZnO thin films from 1970 until 2005 (after T. Minami [18]). Research on
improving the electric transport properties of impurity-doped epitaxial BaSnOg
thin films started in 2007 with increasing research efforts up to present (data after

Refs. [19-27]).

Most TCOs are characterized by a dispersive parabolic metal s orbital-derived con-

duction band with closed d-shell (n — 1)d'%ns® electronic configuration (n > 4),
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where n denotes the principal quantum number. Since the electron transport pro-
ceeds through the large metal s orbitals of the cations, even amorphous oxides of
these elements may be converted into transparent conductors [28]. The volume of
published research on amorphous oxide semiconductors has grown significantly since
the demonstration of a flexible and transparent high mobility thin film transistor
employing amorphous InGaZnO (IGZO) as channel layer [29]. Due to its ease of fab-
rication and excellent performance, amorphous IGZO is increasingly used to replace

Si:H in thin film transistors for flat panel displays.

TCOs based on the element In are increasingly becoming expensive, since In is a
scarce element in the Earth’s crust (Fig. 1.4). Current research efforts aim at the
development of transparent conductors composed of earth-abundant elements like
Zn [30] and Sn [31]. Besides considering the material cost, it is essential to develop
alternative TCOs since the material of choice for the desired application depends on
the specific application. Multiple factors like the TCO stability, the energy band
alignment as well as the structural match to other materials demand a wider palette
of materials to chose from for preparation of heterojunction devices. In this regard,
the emerging TCO BaSnOg3 which is composed of abundant elements is increasingly
attracting attention not only due to its extraordinary high electron mobility, but also
the high temperature stability in air and oxygen [19] as well as its application potential

for integration into multi-functional perovskite-based optoelectronic devices [32,33].
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Fig. 1.4: Relative abundance of chemical elements in Earth’s upper continental crust (after

G.B. Haxel et al [34]).

1.2 Fundamental Properties of Wide Band Gap

Semiconductors

1.2.1 Thin Film Epitaxy and Optoelectronic Properties

The optoelectronic properties of semiconductors can only be fully exploited when it
is possible to prepare semiconductor crystals of high quality with a minimum defect
density. Polycrystalline semiconductors have grain boundaries which act as scattering
centres for carriers and deteriorate the device performance. Thus semiconductors are
generally prepared as epitaxial thin films by growth on structurally-coherent single
crystal substrates. Homoepitaxial semiconductor growth on a native substrate is pre-
ferred to achieve the highest quality films, but often a bulk single crystal of the same

material is commercially unavailable, has undesired physical or chemical properties
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or is too expensive to prepare in large dimensions. Commonly a compromise is made
by employing heteroepitaxial growth on a lattice-matched single crystal substrate at
the cost of thin film quality.

Typical examples demonstrating the importance of heteroepitaxial semiconductor
growth on foreign substrates is the preparation of GaN-based or ZnO-based LEDs on
sapphire substrates with a large lattice mismatch of ~16 % and ~18 %, respectively.
For GaN on sapphire LEDs, a high density of dislocations is introduced which poses a
major problem for preparation of more efficient UV-LEDs, since defects significantly
reduce radiative recombination probabilities of electron and holes [35]. Typically,
a low-temperature buffer layer of AIN is first grown on the sapphire substrate to
minimize the density of dislocations in the semiconductor layers of the device structure
grown on top [36].

The importance of substrate choice for the preparation of high quality epitaxial
semiconductor thin films is demonstrated by the difference in crystal quality of ZnO
films epitaxially grown by laser molecular beam epitaxy (MBE) on sapphire and
ScAIMgQO, substrates. Epitaxial growth on ScAlIMgQO, substrates reduces the mis-
match to only ~0.1 % and XRD analysis of the out-of-plane tilting and in-plane
twisting angles indicated very small deviations in the crystal orientation as opposed
to films on sapphire substrates [9]. Reciprocal space map analysis further demon-
strates that the ZnO(1124) diffraction peak is much sharper for thin films grown on
ScAIMgQOy,, indicating a higher crystalline quality comparable to that of a ZnO bulk
single crystal (Fig. 1.5).

The electron mobility of undoped ZnO thin films is increased by growth on
ScAlMgO, as compared to growth on sapphire substrates due to the reduction of
crystalline defects and also the residual carrier concentrations is significantly reduced
by more than an order of magnitude (Fig. 1.6). In particular, a 100 nm Mgq 15Zng 850

buffer layer annealed at high temperature of 1000 °C is employed to benefit from

10



1.2 Fundamental Properties of Wide Band Gap Semiconductors

a — & 1 ' 1 T s r r . T 1 7
< i ~N\ . = J
T2 0.1922F bulk s/ Zn0(1124) ]
g L single ——» |
3 orystal Y@ ScAIMgO
;‘ _crysa , _ on ScAlMgO,
‘c
=)
o 0.1920 4
S , _
g L _
3 - ]
o 5.
s 0.1918 - - N
S | on sapphire ]
2  ——————_——— P
0.3075 0.3080 0.3085

reciprocal lattice units 910101 (AY

Fig. 1.5: Reciprocal space map of ZnO(1124) diffraction peaks for a bulk ZnO single crystal
and ZnO thin films grown on sapphire and ScAIMgO, substrates (after Ohtomo
et al. [9]).

an atomically flat surface before deposition to enable layer-by-layer growth of highly
oriented films with minimal mosaicity [37]. Sharp photoluminescence peaks and clear
splitting of exciton peaks could only be observed from high quality samples grown on
ScAlMgO, substrates [38]. From the example it becomes evident that the choice of
a suitable single crystal substrate and buffer layer is crucial to optimize the electron

transport and optoelectronic properties in crystalline semiconductor films.

1.2.2 Doping of Wide Band Gap Semiconductors

The ability to dope a wide-band gap semiconductor with free carriers for tuning
of the electrical transport properties is essential for device applications. In general
doping is achieved by introducing intrinsic or extrinsic defects into the semiconductor
which act as either electron donors or acceptors. The concentration of intrinsic de-
fects in compound semiconductors such as cation/anion vacancies and interstitials is

controlled by selecting appropriate growth conditions. The extrinsic defect concen-
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Fig. 1.6: Relationship between electron mobility and carrier concentration in ZnO thin films
grown on sapphire (triangles), on ScAIMgO,4 (open circles) and on ScAIMgO,4 with
a Mgg 15Zng 850 buffer layer (filled circles) and that of a ZnO single crystal (cross)

at room temperature (after Ohtomo et al. and Tsukazaki et al. [9,37]).

tration is controlled by incorporation of foreign atoms either on lattice or interstitial
sites in the crystal structure of the semiconductor. Effective substitutional doping

requires [17]
e solubility of the dopant atoms in the host lattice,

e low activation energy of the dopant,

e and absence of compensating intrinsic defects.

The solubility of the dopant in the host lattice is generally large when there is
only a small difference in effective ionic radii of the host and impurity atoms. A
compilation of effective ion radii taking into account the oxidation states as well as
coordination number within the crystal is provided by Shannon [39]. For example,
in the case of substitutional n-type doping of BaSnOj3, the maximum La solubility in

BaSnOj is only about 3 at.% [40], which is attributed to the smaller effective La3*"
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cation (1.36 A) as compared to the Ba®t cation (1.61 A). A prominent example for
interstitial defects is incorporation of H, which behaves as a compensating impurity
in most semiconductors, but can donate electrons in ZnO, SnO, and also BaSnOj (see
chapter 4 of this thesis).

One of the greatest challenges in wide-band gap semiconductor technology is to
be able to achieve both, good p-type and n-type conduction for the same material,
which is essential for preparation of complimentary pn homojunction devices. For
example, the fabrication of high-efficiency UV LEDs is difficult because hole activation
in Mg-doped Al,Ga;_N with high Al content is low and the doping efficiency decreases
further with increasing magnitude of the band gap [41].

The ease of doping is determined by the localized energy level of the dopant with
respect to the band edges as schematically shown in Fig. 1.7. Taking the example
of Mg-doped Al,Ga; (N, the dopant level indicates the Fermi energy for the charge
transition of the neutral defect Mg4, to the ionized acceptor defect Mgy, under equi-
librium conditions. Since the (0/—) charge transition level lies well above the valence
band (VB) maximum, a considerable activation energy for ionization of the defect
is required. Dopants with a shallow energy level (e.g. Li acceptor in NiO [42]) or
a state inside the band (e.g. La donor in BaSnOj [43]) are much more effective in
providing free carriers for the electrical transport. In the latter case, the electrons
localized at the defect level inside the continuum of host bands may relax and lower
their energy to the conduction band edge [44]. Because the conduction band of the
host is perturbed by the energy of the defect level inside the band states, such donors
are termed resonant with the conduction band (CB).

In the case of n-type doping of BaSnO3 with La, the energy level presents the Fermi
energy at which the (4/0) charge transition of the ionized donor Lag, to the neutral
La}, impurity occurs under equilibrium conditions (cf. section 1.4.2). When the

Fermi level lies below the La dopant energy level, La impurities will readily form
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ionized Lag, to contribute to the reservoir of free electrons. Only when the Fermi
level is raised significantly to exceed the La dopant energy level, La atoms will remain

as neutral impurities in BaSnOg without providing additional free carriers.

sl ||
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resonant
donor

Energy

deep acceptor

= | ] =

Mg:AlGa, N Li:NiO La:BaSnO,

Fig. 1.7: Schematic diagram of the energy levels of Mg, Li and La impurities in Al,Gaj«N,
NiO and BaSnOs, respectively. The shallowness of the impurity level (charge

transition level) with respect to the band edges determines the ease of doping.

Spontaneous formation of native defects can compensate the free carriers which are
introduced by the donor or acceptor impurities [45-48]. If the formation enthalpy of
an intrinsic compensating defect is smaller than the energy gain of creating the free
electron (or hole), carriers will instantaneously be compensated under equilibrium
conditions. A schematic diagram of the variation of defect formation enthalpy with
Fermi energy level is shown in Fig. 1.8. In the case of introducing donor impurities,
the increase in free electron concentration raises the Fermi level and consequently
the formation energy of an intrinsic acceptor defect o™ such as a cation vacancy
will decrease. The doping limit is determined by the Fermi level energy at which
acceptor defects o~ will have net zero formation energy and form spontaneously.
Same considerations hold for the case of acceptor doping which can be compensated

by formation of intrinsic donors at such as anion vacancies. The corresponding Fermi
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energy level which determines the maximum doping level is called pinning energy
EP® From the schematic diagram it becomes clear that doping with free electrons
(holes) without compensation by intrinsic defects is only possible when the Fermi

level pinning energy Eség) lies within the CB (VB).
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Fig. 1.8: Schematic diagram of the formation enthalpy of an intrinsic defect o with charge
states +, 0 and — as a function of Fermi energy (reproduced after Zunger [48]).
The Fermi level pinning energies EX™ and ER™ determine the maximum doping

limits.

The exact level of the Fermi pinning energy with respect to the band edges varies de-
pending on the specific semiconductor, but comparing the relative positions of valence
band maxima and conduction band minima of all materials is useful to discuss dop-
ing propensities. The band alignment for relevant wide-band gap I1I-V nitride, [I-VI
oxide and chalcogenide, perovskite stannate and III-VI sesquioxide semiconductors is
shown in Fig. 1.9, adopting the band offsets reported in Refs. [42,49-52].

As a general rule it holds that semiconductors with a small electron affinity have CB
minima that lie comparably high in energy and are difficult to dope n-type (e.g. AIN).
Vice versa, those semiconductors with large work functions have VB maxima that lie

comparably low in energy and are difficult to dope p-type (e.g. ZnO, SnOs, BaSnOs,
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In,O3). Taking ZnO as an example, p-type doping under equilibrium conditions is
not possible since the VB maximum lies well below the Fermi level pinning energy

EP, and O vacancies and Zn interstitials will spontaneously form when holes are
introduced by acceptor doping [53]. It is rare to find semiconductors for which both

n-type and p-type doping can be readily achieved despite their large band gap (e.g.

GaN).
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Fig. 1.9: Energy band alignment of group III-V, II-VI and stannate wide-band gap semicon-
ductors with reference to the vacuum level (adopting the band alignments reported
by van de Walle et al. [49], Robertson et al. [50], Lany et al. [42], King et al. [51]
and Bjaalie et al. [52]).

1.2.3 Electronic Band Structure

First-principles density functional (DFT) theory provides a powerful tool for a better
understanding of the electronic properties of semiconductors. Elaborate models allow
for detailed calculations of the defect formation energies and electronic band structure
of semiconductors which help to explain their optical and electronic properties. The

knowledge of the electronic band structure of a semiconductor helps to assess its
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relevance for specific applications before any experimental investigations are carried
out or can suggest synthesis of previously undiscovered materials for which desirable
properties are expected.

An example of a computer-calculated electronic band structure of wurtzite GaN
is shown in Fig. 1.10. At the I' point of the Brillouin zone the VB maximum and
CB minimum coincide making GaN a direct band gap semiconductor, which is a
highly desirable attribute for application in optoelectronics. Since the electronic band
structure relates the energy FE of an electron to its wave vector k, a different k-vector
implies a difference in momentum (p = hk). Upon photoexcitation with an energy
larger than the band gap, an clectron can be excited from the top of the VB to a
higher energy state at the bottom of the CB, leaving behind a hole. In a two-particle
process, the direct transition in GaN allows for efficient radiative recombination of
electrons in the CB with holes in the VB because the momentum is conserved as

indicated by a vertical transition in an F-k diagram.
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Fig. 1.10: The electronic band structure of wurtzite GaN along the high symmetry lines of

the first Brillouin zone (after Goano et al. [54]).

In contrast, for indirect semiconductors like Si the VB maximum and CB minimum

17



1 Introduction

are located at different positions of the Brillion zone. In the case of recombination of
an electron and a hole via an indirect transition, the emission of a photon must be
mediated by phonons to comply with the conservation of momentum. As a result, the
probability of radiative recombination in indirect band gap semiconductors is signi-
ficantly reduced in comparison to non-radiative recombination processes via defects.
Furthermore absorption of light with an energy close to the band gap in an indir-
ect semiconductor is less efficient and thus absorption layers in solar cells composed
of indirect semiconductors (e.g. Si) must be thicker than those composed of direct
semiconductor photovoltaics (e.g. GaAs). It follows that the nature of the funda-
mental electronic band gap is an important criterion for realization of high efficiency
optoelectronic devices, for which direct band gap materials are generally preferred.
Another important conclusion can be drawn from the shape of individual bands
comprising the electronic structure of semiconductors as given in E-k diagrams. Ma-
terials with good electrical transport properties are characterized by carriers having

a small effective mass m*, since according to Newton’s law
dv

F=m— 1.1
m (1.1)

the acceleration % of an electron in an electric field with force F' will be large. The
velocity of a particle is given by the group velocity [55]

do  d(E/N)
dk ~ dk

(1.2)

where w is the angular frequency of the particle with energy £ = hw and h is the

reduced Planck constant. Derivation of Eq. (1.2) after time yields the acceleration

dv 1 dPEdp

@ RdEd (1.3)

where p = hk is the electron momentum. Comparing Eq. (1.3) with (1.1), it is seen

. 2B\

that the electron effective mass
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is inversely proportional to the second derivative of energy E(k) after wave vector k.
As a consequence, a strong curvature of the CB minimum (VB maximum) in the
electronic structure indicates a small electron (hole) effective mass and a large carrier
mobility.

The energy band diagram of SnO, shows a wide-band gap and highly dispersive
CB minimum indicating a large electron mobility making it a prototype transparent
conductor (Fig. 1.11). However, the relatively flat and localized O 2p orbital derived
energy bands comprising the VB maximum indicate a small hole mobility which is a

common feature of many oxide semiconductors.
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Fig. 1.11: The electronic band structure of rutile SnO, along the high symmetry lines of

the first Brillouin zone (after Scanlon et al. [56]).

The problem of achieving reasonable p-type conductivity presents the bottleneck for
the development of pn junction devices based on semiconducting oxides. The most
promising materials with reasonably good p-type conductivity are Cu-based oxides
and oxychalcogenides, like CuAlO, [57], SrCuyOs [58] and LaCuOS [59]. In these,
Cu 3d and S 3p orbitals merge with the O 2p orbitals comprising the top of the

valence band result in a greater band dispersion (Fig. 1.12). However, the reported
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hole mobilities of ~10 Vs/cm? at maximum are lower by up to two orders of magnitude
as compared to the high electron mobilities found in n-type semiconducting oxides

Zn0, SnO,, BaSnO3; and In,Os.
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Fig. 1.12: Energy band diagram and partial density of states of LaCuOS as well as a schem-

atic band structure diagram (after Ueda et al. [59]).

1.2.4 Light Emission

When a current is applied to a pn junction semiconductor diode, photons with a
wavelength determined by the energy of the band gap may be emitted by radiative
recombination of electrons in the CB and a holes in the VB. Free electrons or holes
can be introduced by doping, but may also be formed by excitation with light of
a wavelength corresponding to an energy larger than the band gap. The generated
electron-hole pair exists as free electron and hole at elevated temperature, but may be
spatially confined by weak Coulomb interaction at low temperature [1]. The bound
electron-hole pair is called an exciton and is associated with a defined binding energy
characteristic for the material.

The probability of the radiative recombination process of electrons and holes de-
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termines the light emission efficiency of a semiconductor. The tendency to exciton
emission is an intrinsic property which is independent of the nature of the band gap.
Semiconductors with an exciton binding energy of more than about 25 meV show a
comparably large concentration of electron-hole pairs at room temperature and are
generally brilliant light emitters (e.g. GaN, ZnO and diamond). The exciton binding
energy can be calculated applying the hydrogen atom model assuming spherical and
non-degenerate energy surfaces for the electron and hole. The exciton binding energy

level of order n referred to the CB minimum is given by [60]

et 1 1
By=———t (== 15
b 2h2ein? (me * mh> (15)

where h is the Planck constant, ¢ is the static dielectric constant, m. and m,, are
the electron and hole effective masses, respectively. In theory, a high exciton binding
energy is expected for semiconductors with a small dielectric constant and small

carrier effective masses (Tab. 1.1).

To enhance the radiative recombination probability of electrons and holes, narrow
quantum well structures are employed which may increase the exciton binding energy
by carrier confinement [68]. A double heterostructure LED employs an active light
emitting region comprised of a multi quantum wells to locally confine electron and
holes to enhance light emission efficiencies [69]. Preparation of such quantum well
structures requires facile band gap tuning and it is therefore beneficial if the semi-
conductor can be alloyed with isostructural compounds of similar lattice parameter,

but different band gap (e.g. GaN and GayIn; N or ZnO and Zn,Be;_,O).
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Table 1.1: Optoelectronic and dielectric properties of important semiconductors and wide-

band gap materials.

Material ~Band gap* Exciton binding energy Dieclectric constants
B, (eV) By (meV) o e
Si® 1.1 i 15 11.7 11.7
GaAs® 1.4 d 4.2 13.1 10.9
GaNP 3.4 d 25 8.9 5.4
ZnOP 3.4 d 60 8.8 3.8
ZnSe® 2.7 d 20 9.1 6.3
NiO® 3.7 d - 11.8 5.7
MgO 7.84 d - 9.8 3.0f
BaSnOg3® 3.1 i - 19 3.3
3C-SiCh 24 i 14 9.8 6.5
Diamond! 5.5 i 80 5.5 9.9

*At room temperature, d = direct, i = indirect.
fThis value refers to the optical direct band gap which is by about 0.2 eV larger than the indirect
band gap calculated by DFT.

#Reference [60].

PReference [61].

°Reference [62].

dReference [63].

°Reference [64].

fReference [65].

gReference [66].

hReference [67].

iReference [1].
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1.3 NiO and Ni,Mg;_,O

1.3 NiO and Ni,Mg;.,0

1.3.1 Structural Properties

NiO and MgO both crystallize in the cubic rock-salt structure with very close lattice
parameters resulting in a small structural mismatch of merely ~0.8 % (Tab. 1.2). The
effective Mg?" ion radius is only marginally greater than the effective Ni?* ion radius
and thus the ions easily substitute each other to form a homogeneous Ni,Mg;_,O solid
solution over the entire composition range [70]. The calculated phase diagram of the
NiO-MgO solid solution indicates full miscibility [71] with liquidus and solidus lines

confirmed by experiment [72] (Fig. 1.13).

Table 1.2: Comparison of lattice parameters and effective cation radii in NiO and MgO.

Material ~Structure Lattice constant (A) Effective cation radius (A)

NiO rock-salt 4.177* 0.69P
MgO rock-salt 4.212* 0.72P

2Reference [70].
PReference [39].

1.3.2 Electronic Structure

A precise description of the electronic structure of transition metal oxides like NiO
presented a challenge for conventional theory calculations. Since the Ni?* ion has 3d®
electron configuration with octahedral coordination to O 2p orbitals, the 3d-orbitals
are energetically split into two degenerate e, and three degenerate t9, orbitals which
may be filled with 4 and 6 electrons, respectively. Thus one would expect metallic
conduction in NiO as some of the resulting orbitals will be only partially filled with
electrons. In a first theory Mott suggested that conduction in NiO occurs by charge

transfer of Ni 3d electrons between Ni** and Nit ions after electron-hole pairs have
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Fig. 1.13: Calculated NiO-MgO phase diagram (after Prostakova et al. [71]) with experi-

mental data points of the solidus and liquidus line (after Wartenberg et al. [72]).

been created [73]. NiO is insulating at low temperature because the creation of such
electron-hole pairs requires thermal activation. The magnitude of activation energy
required for charge transfer of 3d electrons is associated with the forbidden energy
gap.

Later it has then been demonstrated that the NiO band gap can not specifically be
attributed due to Coulomb and exchange interactions among 3d electrons of Ni ions.
Since it has been realized the band gap is largely determined by the electronegativity
of the O anion, charge fluctuations in NiO were suggested to result from charge-
transfer of an electron from an O?~ anion to a Ni** cation and creation of a hole in
the anion valence band [74,75]. It has been shown that conduction in transition metal
compounds can be classified into Mott-insulators with electron and holes moving in
d bands and charge-transfer insulators with holes in the anion valence band and
electrons in d bands [76]. NiO belongs to the group of charge-transfer insulators since
the d-d Coulomb interaction is greater than the charge-transfer energy, and the band
gap is shown to be roughly proportional to electronegativity of the O?~ anion.

The calculated electronic band structure of NiO using a hybrid functional approach,
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1.3 NiO and Ni,Mg;_,O

excelling in the improved treatment of the electron exchange interaction as compared
to other electronic structure theories, is shown in Fig. 1.14(a) [77]. The top of the VB
is mainly comprised of Ni 3d states and O 2p states while the CB minimum is of pure
Ni 4s character with a parabolic band dispersion. It shall be noted that the energy of
the unoccupied and rather localized Ni 3d e, states in the presented band structure
lie high in energy as compared to other calculations in which the bottom of the CB
is comprised of a mixture of Ni 3d and Ni 4s states [78]. NiO shows a calculated
indirect band gap of about 3.9 eV between the VB maximum at the Z-point and the
CB minimum at the I' point and a direct gap of 4.1 eV at the I point of the Brillouin

zone.
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Fig. 1.14: (a) Calculated electronic band structure for NiO along the high symmetry lines
of the first Brillouin zone. (b) Calculated spin-resolved local density of states for
NiO with Ni 3d states decomposed into contributions from ty, (dark grey) and

ey (light grey) orbitals (after Gillen et al. [77]).

The calculated local density of states (DOS) diagram indicates that the fundamental
band gap of NiO can be attributed to transitions from O 2p or Ni 3d e, and t,, states
at the top of the VB to unoccupied Ni 3d e, and Ni 4s states at the bottom of the
CB (Fig. 1.14(b)). The DOS diagram also shows that the opening of the NiO band

gap is mainly attributed to the crystal-field splitting of Ni 3d states into lower-energy
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occupied e, and to, states and higher-energy e, states.

The composition of the MgO eclectronic band structure is much more simple because
only main group element 2s and 2p orbitals are involved. The local density approx-
imation (LDA) yields a direct band gap of 5.2 eV at the I' point of the Brillouin
zone (Fig. 1.15(a)) [79]. Due to the largely ionic character of bonding in MgO, such
a large band gap is expected. However, the LDA underestimates the band gap as
compared to the experimental value of 7.8 eV [65]. The partial density of states at
the top of the VB is mainly derived from O 2p orbitals while the bottom of the CB

is characterized by Mg 2s orbitals and a large hybridization between Mg and O.
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Fig. 1.15: (a) Calculated electronic band structure for MgO along the high symmetry lines
of the first Brillouin zone. (b) Calculated partial local density of states for MgO
decomposed into contributions from Mg and O 2s and 2p orbitals (after Schénber-

ger et al. [79]).

As compared to many other semiconductor alloys, the wide-band gap Ni,Mg;_,O
system is unique in demonstrating an enormous flexibility for band gap tuning from
3.7 eV to 7.8 eV in the deep UV spectral region, while maintaining complete mis-

cibility over the entire composition range with only a negligible change in lattice
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1.3 NiO and Ni,Mg;_,O

parameter. Despite the very similar structural properties, the electronic configura-
tion of NiO and MgO is distinctly different. Thus it is of interest to investigate the
electronic structure and band gap behaviour of Ni,Mg; ,O alloys, which will be the

subject of chapter 3 in this thesis.

1.3.3 Defect Chemistry and Doping

NiO is known to exhibit intrinsic p-type conductivity due to its non-stoichiometry
with a deficiency of Ni cations [80]. It presents one of the few p-type semicon-
ducting oxides with sufficiently good electrical transport properties for application
as hole injection layer in heterojunction devices, for example in combination with
ZnO to prepare UV photodetectors and light-emitting diodes [81,82]. However, even
though NiO thin films can be doped with intrinsic defects to hole concentrations of
ca. 1 x 10" em™3 [83], the carrier mobility of ~3 Vs/cm? is low as compared to

n-type oxide semiconductors.

The defect chemistry of NiO has been investigated by theoretical calculation of
defect formation energies as a function of Fermi level (Fig. 1.16(a)) [42]. Under
O-rich conditions the Ni vacancy Vy; is the most stable defect with formation energies
smaller than 1 eV even for Fermi levels close to the VB maximum and p-type doping
is not compensated by intrinsic donors such as O vacancies due to the large formation
energy. Thus the Fermi level pinning energy Egi“ lies well inside the VB indicating
that holes can be introduced without compensation (Fig. 1.16b), which is facilitated
by the high VB maximum energy (low ionization potential) of NiO. The peroxide
(O2)o species, which can be thought of as an interstitial O atom O; displacing a
lattice O atom to form a dumbbell structure, will not play a role since it is high in

formation energy and of neutral charge for all Fermi levels considered.

P-type conduction in NiO shall be more effective when Ni atoms are substituted with
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Fig. 1.16: (a) Calculated defect formation energies as a function of Fermi level in NiO and
MgO under O-rich and metal-rich conditions. (b) Calculated band offsets between
NiO and MgO and corresponding Fermi level pinning energies E2™ and ES™ (after

S. Lany et al. [42]).

Li impurities (Liy;), since the calculation demonstrates a smaller formation enthalpy
of Lin; as compared to Vy;. The reduced Liy; activation energy in comparison with
Vi is indicated by the shift of the (0/—) charge transition level to smaller Fermi
energies. N-type doping of NiO is not possible, because free electrons would be
readily compensated by Vy; acceptors and thus the Fermi level pinning energy EP™»

lies well inside the band gap.

For MgO grown under O-rich conditions, intrinsic Mg vacancies or O vacancies in
MgO have a large formation energy of 3 eV and MgO is expected to be stoichiometric.
Under metal-rich conditions, O vacancies may form ecasily due to their low 1 eV
formation energy. However, free electrons are not introduced due to the deep donor
levels (high activation energy) and these would readily be compensated by formation
of Mg vacancies which is indicated by the pinning energy EP™ well below the MgO

CB edge. Since the pinning energy Egi“ of MgO lies within the VB no compensation
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1.4 BaSnO3

by intrinsic defects is expected if free holes were introduced. However, MgO cannot
be easily doped p-type because the VB edge lies very low in energy and thus the Mg
vacancy level forms acceptor states that lie deep inside the gap [84]. N-type doping
of MgO is also not possible, because electrons would be compensated by spontaneous
formation of Vyy acceptors and thus the Fermi level pinning energy EP™ lies well
inside the band gap.

While the p-type conduction in Li-doped NiO has been well investigated [83, 85],
this thesis will further investigate the hole transport properties in Li-doped Niy,Mg;_,O
for band gap widening beyond 3.7 eV (see appendix of this thesis). Good hole trans-
port characteristics in band gap-tunable Ni,Mg;_,O could open up new path ways for

designing transparent optoelectronic devices such as wavelength-tuneable UV photo-

detectors [86-90].

1.4 BaSnO;

1.4.1 Crystal Structure and Electronic Structure

The stannate BaSnOj crystallizes in an undistorted cubic perovskite structure,
which is described by a three-dimensional network of corner-sharing [SnOg]?~ oc-
tahedra of 180° Sn—O—Sn bond angle with Ba?* cations filling the cubo-octahedral
gaps in coordination to 12 O?~ anions (Fig. 1.17(a)) [91]. The calculated electronic
band structure of BaSnOj is presented in a fatband diagram, in which orbital contri-
butions to the corresponding bands are indicated by coloured hatched arcas as shown
in Fig. 1.17(b). The band structure indicates an indirect allowed band gap between
the M and T" point and a direct allowed band gap at the I' point of the Brillouin
zone. Accurate Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional cal-

culations indicate indirect and direct band gaps of 3.2 eV and 3.7 eV, respectively [43].
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Fig. 1.17: (a) Ideal cubic BaSnOj3 perovskite composed of a three-dimensional corner-
sharing [SnOg]?~ octahedral network and 180° Sn—O—Sn bond angle. (b) Cal-
culated electronic band structure of BaSnOj3 indicating orbital contributions in a
fatband presentation. Left diagram: Contributions of Sn 5s (red), Sn 5p (blue)
and Ba 6s (green) orbitals to the BaSnOj3 electronic band structure. Right dia-
gram: Contributions of O 2s (red) and O 2p (blue) orbitals to the BaSnOj3 elec-

tronic band structure (after Mizoguchi et. al [91]).

At the I' point of the Brouillin zone, the bottom of the CB shows a parabolic, free
electron-like band dispersion arising from the Sn 5s orbital which is characteristic
for high mobility n-type oxide semiconductors of closed d-shell (n-1)d'’ns® electron
configuration, where n indicates the principal quantum number. The next higher
electronic bands at the I' point derived from Sn 5p and Ba 6s orbitals lie several eV
above the CB minimum and thus a high optical transparency is expected for BaSnOj.
The top of the VB is dominated by contributions of rather localized O 2p orbitals
giving rise to flat energy bands for which hole conduction is very difficult. Based
on these results presented in 2004 it could already be predicted that BaSnO3 would
show great promise as high mobility n-type TCO. However, rising interest in BaSnO3

as n-type semiconductor did not arise until 8 years later when an extraordinarily
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1.4 BaSnO3

high Hall mobility of up to 320 Vs/cm? had been reported for La-doped BaSnO3
single crystals [19,92]. The delay in BaSnOj research may be due to the fact that
excellent electronic transport requires preparation of high quality crystals, while it is
considerably deteriorated in polycrystalline BaSnO3. This indicates that the oriented
structure with an ideal cubic three-dimensional network of [SnOg)*~ octahedra is a

prerequisite for the large mobilities.

1.4.2 Defect Chemistry and Doping

The defect chemistry of BaSnOg3 has been investigated using a hybrid density func-
tional theory by calculation of intrinsic and extrinsic defect formation energies as
function of Fermi level [43]. Under metal-rich conditions, the oxygen vacancy Vg
is the most stable donor, but the (+2/0) charge transition lies below the CB min-
imum and good n-type conductivity in BaSnO3 is unlikely to result from O deficiency
(Fig. 1.18(a)). However, one experimental study reports mobilities of 20 cm?/Vs
at a doping level of 5 x 10 cm™® for vacuum annealed BaSnO; films which has
been attributed to formation of O vacancies [93]. Under O-rich conditions, formation
of electrons by Vg will be compensated by formation of the acceptor Vg, and the
Fermi-level is pinned well inside the band gap (Fig. 1.18 (b)). It follows that p-type
conduction in BaSnOj is impossible to achieve and excellent n-type conduction may

require doping with extrinsic defects more shallow than Vg.

The calculated formation energies of relevant extrinsic impurities for n-type doping
of BaSnOj such as H, F, Sb and La as a function of Fermi level is shown in Fig. 1.18(c).
Under metal-rich conditions, Ho, interstitial H (H;) bound next to an O atom, Sbhg;,
Lag, and Fg all have low formation energies even for a high Fermi level and form
shallow donors without compensation by acceptor defects. While La is known to be

an effective donor in BaSnOj3 [19-25], no studies of H or F doping to BaSnOj films
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Fig. 1.18: Formation energy of intrinsic defects in BaSnO3 under (a) metal-rich and (b) O-
rich conditions, as well as that of extrinsic defects upon doping of BaSnO3 with
H, F, La or Sb under (c) metal-rich and (d) O-rich conditions as a function of
Fermi level. The slope of the lines represent the defect charge state and the solid

dots indicate the charge transition levels (after Scanlon [43]).

have yet been presented. The first experimental investigation of H doping to BaSnO3

films will be presented in chapter 4 of this thesis.

Among all extrinsic impurites, the solubility of Fp in BaSnOj3 is the largest and
high doping levels may be expected, but the high growth temperatures required for
BaSnOj epitaxy lead to F evaporation. Because the Sbg, (+1/0) charge transition
level is just below the CB minimum, it is not an effective donor when the Fermi level
is increased. This observation is corroborated by experimental studies confirming
that Sb doping on the Sn site is generally less preferred than La doping on the Ba
site [94].

Under O-rich conditions, the formation energies of Hp, H;, Lap, and Fg all increase

resulting in a smaller solubility in BaSnOj3 (Fig. 1.18(d)). The donor Sbg, becomes
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1.4 BaSnO3

more stable under O-rich conditions, but the (+1/0) charge transition level is close
to the CB minimum. Moreover, the acceptor defect Lag, can now lead to compens-
ation and thus O-rich growth conditions are less preferred for achieving good n-type

conductivity.

1.4.3 Thin Film Epitaxy and Electrical Transport Properties

The superior electrical transport in BaSnO3 can only be fully exploited when the
material is prepared either as bulk single crystal or epitaxial thin film. Since BaSnO3
single crystal substrates are yet to be developed, the preparation of BaSnO3s-based
devices requires heteroepitaxial thin film growth on structurally matched crystals.
The lattice parameters of cubic and pseudocubic crystal oxides with close matching
to the BaSnOj perovskite are shown in Fig. 1.19. SrTiOg3 substrates were chosen for
most investigations since it is isostructural with BaSnO3 and widely available, but a
large lattice mismatch of 5.4 % must then be tolerated, resulting in a high dislocation
density [95]. By using orthorhombic rare-earth scandate substrates like PrScOs, the
mismatch with BaSnOj3 can be reduced to 2.3 %, but these are very expensive. Growth
of BaSnOj3 thin films on rocksalt MgO substrates provides an option for reducing the
mismatch to only 2.3 % with tensile strain in the films, however, electrical transport
properties comparable to those films grown on perovskite substrates have not yet been
reported. In chapter 5 of this thesis, growth of BaSnOj films on MgO substrates is

presented, applying a NiO buffer layer to further reduce the mismatch to only 1.4 %.

Up to present, La:BaSnOj3 thin films prepared by pulsed laser deposition (PLD)
show mobilities of 70 cm?/Vs when grown heteroepitaxially on SrTiO3 substrates [96]
and 100 cm?/Vs when grown homoepitaxially on BaSnOj3 substrates [24] (Fig. 1.20).
For the latter, enhanced mobilities are attributed to the improved crystal qual-

ity and smaller defect concentrations resulting in reduced electron scattering and
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Fig. 1.19: Comparison of lattice parameters of (pseudo)cubic crystals with close lattice

matching to cubic perovskite BaSnOs.

a lower density of carrier traps. This argument is corroborated by comparison
with the enhanced mobilities observed for La:BaSnOj single crystals at intermedi-
ate carrier concentrations of about 3 x 102° cm ™2 and below. For doping levels above
3 x 10%° cm ™3, the mobility is dominated by ionized impurity scattering in both, epi-
taxial La:BaSnOj thin films and single crystals. In contrast to the high energetic
PLD method, MBE allows for preparation of high crystal-quality La:BaSnOj3 thin
films with record Hall mobilities of 150 cm?/Vs on PrScO3 substrates at a doping
level of only 7.3 x 10! cm™ [25].

The choice of thin film growth method and substrate both have a large impact on
the electron transport in BaSnOj3 epitaxial thin films. While it has been recognized
that the reduced mobilities may be largely attributed to dislocation scattering [95],
a fundamental quantitative analysis of the prevailing scattering mechanisms is still
lacking and would be of great importance for the design of high mobility transport
layers in devices. The electron mobility p in a semiconductor is determined from
the equilibrium electron drift velocity obtained after the acceleration force due to the
applied potential and the friction force due to scattering effects are in balance. It is

described by [55]

€T
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Fig. 1.20: Dependence of Hall mobility on carrier concentration for La-doped BaSnO3 thin
films prepared by PLD on SrTiOg substrates (in black, after Kim et al. [19])
and BaSnOg substrates (in purple, after Lee et al. [24]) as well as films prepared
by MBE on TbhScO3 substrates (in brown, after Lebens-Higgins et al. [23]) and
PrScOg substrates (in red, after Raghavan et al. [25]). The mobility of La-doped
BaSnO3 single crystals is given for comparison (in blue, after Kim et al. [19]).

Dashed lines indicate constant values of electrical resistivity.

where m? is the electron effective mass and 7 is the momentum relaxation time
denoting the average time of momentum loss by scattering. Chapter 5 of this thesis
will present an in-depth evaluation of the BaSnOj electron effective mass m* as a
function of carrier concentration and find an analytical description for the momentum
relaxation time 7. The results shall contribute to the design of low-defect density, high
mobility epitaxial films at moderate doping levels for application in oxide electronics

such as field-effect transistors.
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2 Experimental Methods

2.1 Thin Film Growth using Pulsed Laser Deposition

Pulsed laser deposition (PLD) presents a facile method for epitaxial thin film growth
using a wide range of materials, in particular oxides. The material source is a dense,
sintered ceramic target usually prepared by solid state powder processing. A 248 nm
KrF excimer laser is focussed in pulses of 25 ns duration at a frequency of 10 Hz on
the target with a laser beam fluency of ~1 J/cm?. The pulsed laser shots quickly heat
the subsurface of the ceramic target to temperatures of ~10° K. Because of the rapid
thermal expansion the top surface of the target breaks into atoms, atom clusters and
ions forming a dense laser-induced plasma plume and a highly directional material
flow towards the substrate in 5 cm distance opposite to the target (Fig. 2.1).

The thin film growth is performed in a high vacuum deposition chamber in which the
O, partial pressure can be controlled within the range of 0.1 —25 Pa. The background
O, gas serves as a reactive species for oxide growth and at the same time offers to
control the kinetic energies of particles in the plasma plume [97]. The substrate
temperature is controlled with an IR laser diode heating an absorber in contact to
the back of the crystal substrate. The great advantage of PLD as compared to more
sophisticated deposition techniques such as MBE and electron beam evaporation is
the stoichiometric transfer of material from the target to substrate. Beyond a certain

ablation threshold energy of the laser beam, the vaporization of the target material is
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Fig. 2.1: Experimental set-up of pulsed laser ablation of a ceramic oxide target by a 248 nm

KrF laser for epitaxial thin film growth on a heated single crystal substrate.

independent of the vapour pressure of its constituent elements and thus a wide range
of complex oxides can be deposited while maintaining the stoichiometric composition

of the target.

2.2 High Resolution X-ray Diffraction

High Resolution X-ray Diffraction (HR-XRD) is a very powerful crystal charac-
terization method for assessing the quality of epitaxially grown thin films. It is a
non-destructive method and requires only minimum sample preparation. To generate
X-rays, electrons are accelerated by a high voltage towards a water-cooled Cu cathode
to trigger electronic transitions in Cu atoms whose inner K shell electrons have been
ionized by the high energy electron irradiation. A Ni filter is used to absorb all radi-
ation with energies above the Cug, X-ray lines and a monochromator mirror system
composed of Ge single crystals is used to separate the Cuga; (1.5406 A) from the
Cukaz (1.5444 A) radiation. After diffraction at the crystal, the elastically scattered

X-rays pass through a parallel beam slit collimator in front of the detector to filter
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2.2 High Resolution X-ray Diffraction

out any non-parallel beam components of the diffracted beam which could lead to
diffraction peak broadening and thus the resolution of the instrument is increased.
An incident beam of monochromated X-ray radiation is scattered elastically from
a crystal if the path length difference between two X-rays diffracted at a family of
crystallographic planes is a multiple of the X-ray wavelength A (Fig. 2.2), according

to Bragg’s law:

nA = 2dhk1 sin 6 (21)

where n is the order of diffraction, dy is the lattice spacing of the respective crystal-
lographic plane with Miller indices hkl and 6 is the angle of incidence between lattice

plane and incoming X-rays [98].

Fig. 2.2: Schematic illustration of elastic scattering of X-rays at lattice planes of atoms in

a simple cubic crystal.

Epitaxial thin films are generally grown on lattice-coherent single crystal substrates
and a mismatch of the crystal structure will result in strain affecting the film lat-
tice parameters. To understand the results of X-ray diffraction analysis in detail,
it is useful to consider the reciprocal lattice of the crystal, providing the structural

information along all crystallographic directions. The components of the scattering
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vector Q are obtained by [99]

Ox = 27” (cos(20 — w) — cos(w)) (2.2)
and
Q, 2; (sin(26 — w) + sin(w)) (2.3)

where A is the X-ray wavelength, 6 is the diffraction angle and w is the angle between
specimen surface and incident X-rays (Fig. 2.3). The scattering vector Q is determ-
ined by the direction and length 27 /X of incident and reflected wave vectors k; and
k., and it follows that only those diffraction peaks are accessible which lie within the

Ewald sphere of radius 2/k]|.

-

Rec. lattice units Q

4an
A

Reciprocal lattice units Q_

Fig. 2.3: Ewald sphere with radius 2|k| = 47/A determining the accessible range of the
reciprocal lattice of a crystal employing an X-ray wavelength A. The 204 diffraction
by elastic scattering at (102) lattice planes of a crystal is given as an example. The
diffraction angle is 6 and the angle between specimen surface and incident X-rays
is w. The scattering vector Q is defined by the difference of reflected and incident

wavevectors k; — k;.

In a symmetric diffraction experiment (w = @), the reciprocal scattering vector Q is
oriented perpendicular to the specimen surface, corresponding to diffraction at crys-

tallographic planes (001) parallel to the surface. In this case, only information about
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2.3 Atomic Force Microscopy

the out-of-plane lattice parameter a, is obtained. The crystal quality can be invest-
igated by rocking the specimen through a change in w, which provides information
about the crystal mosaicity. A broad w-rocking curve indicates crystallographic do-
mains in the film with lattice planes not well aligned with the single crystal substrate
surface. In an asymmetric diffraction experiment (w # @), further information about
the in-plane lattice parameters a, and ay is obtained, which allows for characteriza-
tion of the strain state of the epitaxial film. For a cubic crystal, the lattice parameter

a is obtained by [100]

Q= %”\/h? TR (2.4)

When a highly monochromatic or variable energy X-ray source is required, syn-
chrotron radiation is used which employs X-rays being generated from acceleration of
electrons confined to a circular trajectory by a magnetic field. By employing a longer
X-ray wavelength, fewer diffraction spots will be accessible since they fall outside the

Ewald sphere, but the spatial resolution between diffraction signals is improved.

2.3 Atomic Force Microscopy

Atomic force microscopy (AFM) is used to obtain topographical images of the sur-
face of a thin film. A sharp probe tip is physically brought in contact with the
specimen surface and line scans on a raster map are performed to obtain height in-
formation. A visible laser is focused on the back side of a cantilever with the probe
tip and any physical deflection due to interaction with the specimen is recorded by
a change in location of the signal on a photodiode detector (cf. Fig. 2.4). The force
between the specimen surface and cantilever is then related to the change in the

position of the laser spot detected by the detector [101].
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Fig. 2.4: Schematic diagram of atomic force microscopy using an optical lever sensor.

2.4 Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDX) is a technique available in many scan-
ning electron microscopes (SEM) to investigate the chemical composition of a speci-
men [102]. Upon interaction of a high energy electron beam (5 — 20 keV) with the
specimen, inner shell electrons of atoms may be removed and subsequent electron
transition to deeper energy levels of the atoms occur upon release of X-ray radiation
(Fig. 2.5). The X-rays are detected with a Si solid state detector and are charac-
teristic for a specific chemical element due to the defined energy levels for atoms of

different atomic number.

To evaluate the elemental composition of a specimen, characteristic X-ray emission
lines for the elements are selected which ideally appear at different energies and thus
can be resolved without peak overlap and also exhibit high intensities to be clearly
distinguished from the spectrum’s radiation background. For a precise quantitative
analysis of the specimen composition, reference intensities from a series of specimens
of standard (known) compositions are recorded to determine sensitivity factors for

the corresponding X-ray emission lines.
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Fig. 2.5: Schematic diagram of energy levels in an atom that has been ionized by losing an
inner K-shell electron due to excitation with a high energy primary electron beam.
X-ray K, emission occurs after the hole on the K-shell is filled by an electron from

the Ls shell (reproduced after Williams [102]).

2.5 Hall Effect Measurement

Hall effect measurements allow for a detailed investigation of the electrical transport
properties of a semiconductor. When a current I is applied along the x-direction to
a semiconductor sheet of geometric dimensions Iy, [, and [, and a magnetic field B,
is applied perpendicular to the flow of carriers with velocity vy, the Lorentz force
will deflect the trajectory of electrons (holes) to the negative (positive) y-direction
(Fig. 2.6).

Due to carrier deflection by the magnetic field B,, an electrostatic force will build
up and a Hall voltage Uy can be measured along the y-direction. Under equilibrium

conditions the electrostatic force will be in balance with the Lorentz force [55]

€ % = ev B, (2.5)

y
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Fig. 2.6: Schematic depiction of the Hall effect in a thin semiconductor sheet through which

a magnetic field B, is applied perpendicular to the electrical current direction I.

where e is the electron charge. Since the current density along the x-direction is given

by
I
1,1,

the free carrier concentration n per unit volume can be calculated from all experi-

= nevy (2.6)

mental parameters:
I.B,
n =
el H ) z

Once the carrier concentration n is known, the Hall mobility uy can be derived from

(2.7)

the measured electrical conductivity o

o= nely = RLH (2.8)

where Ry = 1/ne is called the Hall constant.

From equation (2.8) it is seen that electrical conductivity can be improved by in-
creasing the doping level or improving the Hall mobility. While high carrier concen-
trations can be readily achieved by introduction of more defects that provide free
carriers, increasing the mobility is more difficult as it depends on the detailed scat-

tering mechanisms of carriers. A method of understanding the electronic transport
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in more detail is to apply temperature-dependent Hall measurements usually in the
range of 4—300 K as the free carrier concentration may sensitively depend on thermal
activation. Furthermore, defects which present scattering centres may be identified
as thermal activation is required to overcome potential barriers for carrier transport.

The measured Hall voltage as described above is assumed to be solely a result
of the carrier displacement in the semiconductor due to the applied magnetic field.
However, very precise measurements require taking into account the effects of thermal
electrical voltages and misalignment voltages [103]. This is particularly important for
semiconductors of low Hall mobility, because the magnitude of the Hall voltage will
be small and comparable to the undesired voltages affecting the measurement. In
this case, an alternating current (AC) magnetic field is applied and the undesired
direct current (DC) voltages are separated from the resulting AC Hall voltage using

a lock-in amplifier with reference to the magnetic field.

2.6 Optical Transmission and Reflection Spectroscopy

Optical transmission and reflection spectroscopy is a non-destructive and quick, but
yet very powerful method for the electro-optical characterization of semiconductors.
For the semiconductors investigated in this thesis, the optical absorption is calculated
from transmission and reflectance spectra to determine the direct allowed optical
band gap which for wide band gap semiconductors usually lies in the blue visible
or UV spectral region. Furthermore, while TCOs are characterised by their optical
transparency in the visible region, free carrier absorption can be observed in IR
spectra for high doping levels.

The optical absorption is determined by measuring the transmission through the
semiconductor and the reflectance at near-normal incidence (Fig. 2.7). The intensity

loss is determined by the absorption coefficient o and thickness Az of the material,
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but also by the reflection loss at the semiconductor/vacuum interface both at the
front- and backside of the semiconductor sheet. For thin films grown by vapour phase
deposition only specular reflectance must be taken into account since generally they

have very smooth, mirror-like surfaces for which diffuse reflectance is insignificant.

Ax

T |A T

- >

It (without reflection loss)

>

X

Fig. 2.7: Transmission of light through a material sheet of thickness Az with reflections oc-
curring at the vacuum/semiconductor interfaces and corresponding intensity profile

without reflection loss.

The change in light intensity dI/I(x) due to optical absorption in an infinitesimal

small sheet dx is determined by
T = —adx (2.9)

which after integration yields

I, = Lye @42 (2.10)

where I; and I are the transmitted and initial intensities, respectively. The optical
transmittance T can be related to the intensity ratio I /Iy when the reflection loss R

at the interface is taken into account [104],

T = (1 — R)Tye *A" (2.11)
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where Ty is the 100% intensity of the incident beam. A more refined analysis also
takes into account the backside reflection at the interface after transmission through
the specimen. However, the backside reflection is negligible when the back surface is
roughened as is the case for one-side polished single crystal substrates.

From the transmittance and reflectance of the semiconductor sheet with known
thickness, the refractive index n, and extinction coefficient k. is obtained from the
Fresnel coefficients [105]. A normal incidence of the light for the transmittance and
reflectance measurements is generally preferred as it largely simplifies the analytical
equations. Even for a more complicated multilayer system, the optical constants for
each layer may be obtained. The refractive index and extinction coefficient is related

to the dielectric function ¢ = ¢ + ie, via equations [17]

1
ne — \/5 (€2 + £2)2 +5—21 (2.12)

and

1
ke = \/5 (8% + 5%)1/2 — 6—21 (213)

The dielectric function of a semiconductor does not only provide information about
optical transitions such as the band gap, but further allows for the characterization
of electron transport properties when the IR absorption of free carriers is investig-
ated (cf. Fig. 1.2). The IR dielectric function of semiconductors with a high carrier

concentration is described by the Drude free electron model [55]

2
EcolWy

e(w) = €00 — (2.14)

where €, is the high frequency dielectric constant, w is the phonon frequency, w, is
the plasma frequency and v is the broadening frequency. The effective mass m} which
determines the electron mobility in Eq. (1.6) is determined by the plasma frequency

via
ne’

L — 2.15
e (2.15)

where n is the carrier concentration.
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2 Experimental Methods

2.6.1 Ultraviolet-Visible-Near-Infrared Spectroscopy

In UV-VIS-NIR sprectroscopy the transmission and reflectance of a specimen is
measured as a function of wavelength within the range of about 200 nm to 2500 nm.
A deuterium gas-discharge and a quartz iodine incandescent lamps are used as light
sources for the UV and VIS-NIR spectrum regions, respectively. A key element in
the optical hardware of the spectrometer is a micro-machined diffraction grating for
separation of light into its spectral components through a collimating and focussing
mirror system as shown in Fig. 2.8. Different scanning wavelengths are selected by
rotation of the diffraction grating which will change the wavelength in focus of the

aperture.

aperture

diffraction grating

) collimator mirror

= focussing mirror

aperture

Fig. 2.8: Diffraction grating in an energy dispersive UV-VIS-NIR spectrometer.

2.6.2 Fourier Transform Infrared Spectroscopy

For measurements in the longer wavelength IR region, the use of a dispersive grat-
ing spectrophotometer is problematic since a whole set of gratings with different
groove frequency would be required to cover a large region of the spectrum. To
overcome these problems, Fourier transform IR (FTIR) spectroscopy employs non-

monochromated light from a heated SiC element as black-body IR source.
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2.7 Spectroscopic Ellipsometry

An FTIR spectrometer employs a Michelson interferometer as shown in Fig. 2.9.
The beam is split by a KBr crystal which shows 50% reflectance and 50% transmit-
tance for the incoming light. The two beams are then again reflected back by mirrors
for coalescence. Ome of the mirrors is moving to continuously increase or decrease
the path length difference leading to periodically constructive and destructive wave
interference of light of different wavelengths. With the help of Fourier transformation,
the recorded interferogram, which relates intensity to the corresponding mirror posi-
tion, is converted into a diagram relating the measured intensity to the wavelength.
Since certain air molecules such as HoO and CO, absorb IR light, the measurement

is performed in a sealed and evacuated sample compartment.

e——irror
4

v KBrbeam splitter

SiC source

, |

+—>

flexible mirror

Fig. 2.9: Michelson interferometer in a FTIR spectrometer.

2.7 Spectroscopic Ellipsometry

Spectroscopic ellipsometry is used to determine thin film thickness and optical con-
stants. It is a particularly powerful technique to characterise multilayer structures,
for which the thickness of individual layers cannot be determined independently or

for which the optical absorption of one of the layers interferes with characterization of
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2 Experimental Methods

the other. A beam of linearly polarized light from a Xenon light source (0.6 —4.8 eV)
is irradiated at an incident angle of about 60 — 70° on the specimen surface and the
change in polarization state of reflected light is analysed. After reflection and trans-
mission through the specimen surface, the light becomes elliptically polarized and the

relative change in amplitude and phase is measured (Fig. 2.10).

elliptically
polarized

linearly
polarized

Polariser Analyser
Thin film 2 \/\/
Thin film 1
Substrate

Fig. 2.10: Schematic set-up for ellipsometry measurement. Linearly polarized light from a
Xenon lamp is reflected at the specimen surface and becomes elliptically polarized,

which is analysed according to amplitude and phase change.

The reflected elliptically polarised light is characterized by two plane polarised
waves [106]. The p-wave (p = parallel) is defined as lying in the plane of incidence
and the s-wave (s = senkrecht, German for perpendicular) as lying perpendicular to
the plane of incidence. The measured ellipsometry parameters tan ¥ and A denote
the amplitude ratio and relative phase difference of incident and reflected p-wave and
s-wave, respectively. The ratio of Fresnel reflection coefficients R, and Ry according

to the fundamental equation of ellipsometry given by

tan ¥ - exp(iA) = % : (2.16)

Ellipsometry is an indirect method and a model of the specimen structure must be

developed in order to derive absolute quantities such as the film thickness and the
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2.7 Spectroscopic Ellipsometry

optical constants of individual layers. By fitting appropriate dispersion models for
the dielectric function of each layer to the corresponding amplitude ratio tan W and
relative phase change A in a least mean square error fitting routine, a set of absolute
optical parameters is obtained which reproduces the recorded ellipsometry spectra

the best.
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3 Band Gap Bowing in NixMg;_,0

This chapter resolves the controversy over the origin of the non-parabolic Ni,Mg;_,O
band gap bowing in the literature. High-resolution synchrotron X-ray diffraction and
high-resolution transmission electron microscopy analysis of epitaxial transparent
NizMg;<O (0 < x < 1) thin films indicate a compositionally and structurally homo-
geneous microstructure, confirming formation of a completely miscible solid solution.
Nevertheless, the composition dependence of the NiyMg;.,O optical band gap shows
a strong non-parabolic bowing with a discontinuity at dilute NiO concentrations of
x < 0.12. Tt is suggested that deep Ni 3d levels are introduced into the MgO band
gap, which account for the anomalously large band gap narrowing in the Ni,Mg;_,O
solid solution system. While the standard bowing theory is inapplicable to describe
the Ni,Mg;_,O band gap, the composition dependence is simply described by a linear

interpolation of the band gaps of NiO and Ni impurity doped MgO.
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3 Band Gap Bowing in Ni,Mg;_,O

3.1 Introduction

The wide-band gap semiconductor NiO (3.7 eV) is one of the few p-type trans-
parent conductive oxides demonstrating good electrical properties for application in
optoelectronic devices [83]. Thus NiO is used as a transparent hole transport layer in
oxide p-n heterojunction devices such as electrical current rectifiers [107,108], ultravi-
olet (UV) photodetectors [81,109] and light-emitting diodes [110,111]. The epitaxial
growth of high-crystal quality NiO thin films is desired, since polycrystalline films ex-
hibit inferior electrical transport properties and may lead to higher leakage currents
in p-n heterojunction devices.

The epitaxial growth of NiO on MgO single crystal substrates offers a promising
platform for the preparation of complete UV-transparent oxide devices. Both NiO
and MgO crystallize in the cubic rock-salt structure and NiyzMg;.,O thin films over
the entire composition range can be grown with high crystalline quality on MgO
single crystals [88], having a structural mismatch of only 0.8 % at maximum [70].
As compared to many other semiconductor alloys, the NiyzMg; O system is unique in
demonstrating a great flexibility for band gap tuning from 3.7 eV to 7.8 eV [65] in the
deep UV region without the drawbacks of a significant change in lattice parameter
or a phase transition. Therefore, Ni,Mg; O is increasingly receiving interest for
application in deep UV photodetectors [86-90]. To tune the photosensitivity of these
devices, it is essential to understand the Ni,Mg;_.O band gap evolution as a function
of composition and to be able to accurately describe it using an analytical equation.

Experimentally it has been shown that the band gap dependence in most semicon-
ductor alloys or solid solutions A,B;.(C as a function of composition x follows the

parabolic function [112]
E, = :UE§C +(1— x)EgC —bx(l —x) (3.1)

where E?C and EgBC are the band gaps of the pure compounds AC and BC, respect-
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3.1 Introduction

ively, and b is the bowing parameter. Since the band gap of the semiconductor alloy
is generally smaller than indicated by the linear interpolation between the band gaps
of its pure end members, the bowing parameter b is a positive constant. It has been
proposed that the band gap bowing results from the aperiodic variation of the crystal
potential in substitutional alloys, arising from random variations in occupation of
the metal sites in the alloy by elements A and B, and its magnitude is a symmetric

function of composition proportional to z(1 — x) [113].

The NizMg; O band gap dependence has been determined by optical absorp-
tion spectra of epitaxial thin films on MgO substrates prepared by molecular beam
epitaxy [114], textured thin films on quartz substrates prepared by magnetron sput-
tering [90, 115] and sol-gel spin coated thin films on quartz substrates [116]. Despite
the large 7.8 eV MgO band gap, it has been observed that the Ni,Mg; O band gap
increases only marginally to 4.8 eV as the MgO fraction increases from 0 — 92 at.%.
A density functional theory (DFT) calculation of the NiyMg; O band gap depend-
ence on composition has investigated superstructures with NiO contents of 25, 50
and 75 at.% [117]. However, since the study excludes the dilute NiO concentration
regime for x < 0.25, no band gap discontinuity has been identified and the underlying

Ni,Mg;_ O electronic band structure has not been investigated.

The present work resolves the controversy over the Ni,Mg;.,O band gap bowing
in the literature. Regardless of the strongly non-parabolic band gap dependence
on composition, the standard bowing theory has been rigidly applied in previous
studies to describe the band gap evolution in the NixMg;_,O system [86, 87,90, 115,
117, 118]. Moreover, the origin of the irregular NizMg; O band gap dependence
has often been attributed to apparent structural or compositional inhomogeneities in
Ni, Mg O films [87,115,117]. Thus this chapter first presents a detailed investigation

of the thin film microstructure before addressing the Ni,Mg;_,O electronic structure.
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3 Band Gap Bowing in Ni,Mg;_,O

3.2 Experimental Methods

Single-phase polycrystalline Ni,Mg;_,O ceramic targets were prepared by sintering
high purity NiO and MgO powders at temperatures of 1200°C — 1550°C for 5 h,
applying higher temperatures for the targets of high MgO content. NizMg; (O thin
films were grown on single crystal Si and MgO(100) substrates by pulsed laser abla-
tion of the Niy,Mg;_,O ceramic targets using a 248 nm KrF excimer laser. The growth
temperature was 600 °C and the deposition pressure was 0.7 Pa O,. The growth con-
ditions were taken from a previous study employing MBE growth of NiyMg; O [114]
(300 —700°C, 21072 Pa), which aims for the preparation of insulating and optically
transparent Ni,Mg;_,O epitaxial thin films and for the sole purpose of determining
the optical band gap. An investigation of the electrical transport properties in con-
ducting Li-doped NizMg;_,O thin films is not subject of this chapter and will be given
in the thesis appendix. As compared to high-vacuum MBE growth, the Oy deposition
pressure for PLD growth is increased due to experimental limitations and for achiev-
ing a sufficiently widespread plume. The NizMg; O ceramic targets were ablated
with a laser beam fluence of 0.8 J/cm? per pulse at a frequency of 10 Hz, resulting

in a film thickness of about 300 nm.

The crystal structure of the Ni,Mg;_,O thin films on MgO substrates was studied
by HR-XRD employing a Philips PANalytical MRD diffractometer equipped with a
Cu-K,; X-ray source (1.5406 A) utilizing parallel beam geometry. The structure and
crystalline quality of the NizMg; O thin films on MgO were further investigated by
HR-XRD carried out on beamline B16 at the Diamond Light Source, UK, using a
6 keV (2.067 A) monochromated X-ray source. 3-dimensional (3D) diffraction-space
mapping [119] was used to investigate the structural homogeneity of the films. As
compared to the 2D reciprocal space map analysis introduced in section 2.3, the 3D re-

ciprocal lattice is recorded by introducing to rock the specimen along an additional,
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3.2 Experimental Methods

third angle such that the y-coordinate @)y of the scattering vector Q will be different
from zero and thus tilted in- and outside of the paper plane in Fig. 2.3. 3D reciprocal
space maps were calculated from the obtained data set which show the Ni,Mg;_,O
200 diffraction peak intensity as a function of the components of the two orthogonal
in-plane components ()x and )y and the out-of-plane component (), of the scattering

vector in the specimen frame of reference.

The electron transparent cross-sectional TEM specimen was prepared by grinding,
polishing and dimpling until the specimen thickness was below 10 pum, followed by Ar
ion milling using a PIPS Ion miller (Gatan USA). Conventional HR-TEM and scan-
ning transmission electron microscopy (STEM) using the high angle angular dark-field
(HAADF) detector and STEM-energy dispersive X-ray spectroscopy (EDX) was per-
formed using a JEOL 2100 microscope equipped with a field emission gun operating
at 200 keV. STEM-HAADF imaging was used to identify the Ni,Mg; O/MgO inter-
face and STEM-EDX spectral analysis performed recording the Ni Ly, Ni Lg and Mg

K, X-ray emission lines.

The surface topography of the NiyMg;_,O thin films was investigated with a Bruker
atomic force microscope (AFM) in contact mode. The composition of the NiyzMg; (O
thin films was determined by EDX in a JEOL JSM-6010LA scanning electron mi-
croscope (SEM). Using a primary beam voltage of 5 kV, EDX spectra of the Ni L,
(852 eV), Ni Lg (869 eV) and Mg K, (1254 eV) X-ray emission lines were recorded.
The optical transmission of the NiyMg; O thin films were measured with a Cary 5000
UV-Vis-NIR spectrophotometer using a bare MgO substrate as 100% transmission

reference.
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3 Band Gap Bowing in Ni,Mg;_,O

3.3 Results

3.3.1 Structural Characterization

In the w—260 HR-XRD patterns of the Ni,Mg; O thin films (z = 1, 0.83, 0.64, 0.41,

0.23, 0.12) only the 200 and 400 diffraction peaks are observed, indicating that films

are single-phase and grown in [100]-orientation on the MgO(100) substrates (Fig. 3.1).

Due to the marginal difference in lattice parameters between NiO (4.177 A) and

MgO (4.212 A), [70] the NiMg;O 200 and 400 diffraction peaks overlap with the

corresponding peaks of the MgO substrate, especially for the NiyMg;.,O specimens

of high MgO content. The insets show a clear shift of the Ni,Mg; O 200 and 400

diffraction peaks with increasing MgO fraction towards the MgO substrate peaks,

indicating an increase in the out-of-plane lattice parameter.
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Fig. 3.1: HR-XRD w — 26 patterns of the NiyMg; O thin films (z = 1, 0.83, 0.64, 0.41, 0.23,

0.12) prepared by PLD showing the [100]-oriented epitaxial growth of NixMg;.,O

thin films on MgO(100) substrates. Insets show a magnification of the NixMg; O

200 and 400 diffraction peaks on a linear scale.

The projection of the 3D reciprocal space maps of the Ni,Mg;_,O 200 reflection

along the reciprocal lattice vector @)y recorded with 6 keV synchrotron radiation is
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3.3 Results

given by an iso-intensity contour map on a logarithmic scale (Fig. 3.2). The in-
creased X-ray wavelength of 2.067 A as compared to the Cu Koy X-ray source of
1.5406 A allows for a significantly improved spatial resolution of the high intensity
200 reflections of the NiyMg;_,O thin film and MgO substrate. Note that the observa-
tion of multiple peaks for the MgO 200 substrate indicates the presence of additional
macroscopic crystallographic domains. The relatively narrow NizMg; ,O 200 diffrac-
tion peak in the in-plane @)y direction in reciprocal space as compared to the MgO
substrate demonstrates the high crystalline quality and low degree of mosaicity of
the thin films. In particular, the out-of-plane width of the Ni,Mg;.,O 200 diffraction
peaks along @, (¢ = 0.83, 0.64 in Figs. 3.2(b,c)) does not indicate any compositional
broadening as compared to the pure NiO thin film (Fig. 3.2(a)). The NixMg;,O 200
diffraction peak shifts to smaller (), values with increasing MgO content in accordance

with the slight increase in lattice parameter from NiO (4.177 A) to MgO (4.212 A).
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Fig. 3.2: Projection of the 3D reciprocal space maps of the NiyMg;_ O 200 reflection along
the reciprocal lattice vector Qx of NiyMg;_ O thin films (x = 1, 0.83, 0.64) grown
on MgO(100) substrates recorded with 6 keV (2.067 A) synchrotron radiation.
The intensity of the diffraction peaks is given by an iso-intensity contour map
on a logarithmic scale. The dashed lines give the local intensity maxima of the

NiyMg; O 200 and MgO 200 diffraction peaks as indicated.

Reciprocal space map analysis of the asymmetric NiO 204 reflection shows that
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3 Band Gap Bowing in Ni,Mg;_,O

the in-plane lattice parameter a, is larger than the unstrained reference (Fig. 3.3).
It follows that the Ni,Mg; O thin films are not completely relaxed, but strained to

match the in-plane MgO substrate lattice parameter.
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Fig. 3.3: Reciprocal space map of the NiO 204 reflection recorded with Cu K,; radiation
(1.5406 A). The intensity of the diffraction peaks is given by an iso-intensity con-
tour map on a logarithmic scale. The given lattice parameters correspond to the

maxima of the diffraction peaks of MgO substrate and NiO film (crosses) with

reference to that of an unstrained NiO crystal (dot).

The offset-corrected AFM 3 x 3 um? area scans of NizMg;,O (z = 1, 0.83, 0.64,
0.41 and 0.23) thin films are shown in Fig. 3.4. All films show atomically smooth
surfaces with a root mean square mean roughness (RMSR) within 3 — 6 A, making
them applicable for integration in multilayer device structures.

A cross-sectional STEM-HAADF image of the Nijo3Mgy 77O film on MgO sub-
strate acquired along the <001> zone axis is shown in Fig. 3.5(a). To locate the
Nig23Mgo77/MgO interface, a STEM-EDX elemental map employing the Ni Ly
(green) and Mg K, (red) emission lines was recorded (Fig. 3.5(b)). The cross-
sectional HR-TEM image of the Nipa3Mgy77O/MgO interface acquired along the

<001> zone axis using multi-beam conditions shows coherency and a defect-free
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Fig. 3.4: Offset-corrected AFM 3 x 3 um? area scans of Ni,Mg;_,O (x = 1, 0.83, 0.64, 0.41

and 0.23) thin films showing an atomically smooth surface.

Nig.23Mgo.77O bulk, demonstrating the single-domain epitaxy of the film on the MgO
substrate (Fig. 3.5(c)). The very close lattice matching and coherent crystal interface
between the Nijo3Mgg 77O film and MgO substrate is observed in the high magnific-
ation average background subtraction filtered (ABSF) HR-TEM image (Fig. 3.5(d))

of the region indicated in Fig. 3.5(c).

3.3.2 Compositional Analysis

The composition of the NiyMg; O thin films was determined from EDX spec-
tra of the Ni Ly (852 ¢V), Ni Lg (869 ¢V) and Mg K, (1254 ¢V) X-ray cmission
lines (Fig. 3.6(a)). The background-corrected, integrated peaks for all NizMg; O
thin films were evaluated based on a calibration curve obtained using data from the
polycrystalline Ni,Mg; O targets of known composition. It was confirmed that the

primary electron beam (5 keV) is entirely probing the Ni,Mg;_,O thin films and does
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Fig. 3.5: (a) Cross-sectional STEM-HAADF image of the Nip23Mgo.7v0/MgO interface ac-
quired along the <001> zone axis and (b) STEM-EDX elemental map showing the
Ni Ly g (green) and Mg Ky (red) emission intensity for the area marked with the
box in (a). (c¢) Cross-sectional HR-TEM image of the coherent Nig23Mgg 77/ MgO
interface acquired along the <001> zone axis demonstrating the single-domain
epitaxial growth. (d) High magnification ABSF HR-TEM image of the region in-
dicated with the box in (c). Micrographs were taken by S. Rhode, Imperial College

London.

not reach the MgQO substrate by investigating Ni,Mg;_,O thin films of equal layer
thickness grown onto Si substrates for which the Si K, emission (1740 eV) was not
observed. The negligible deviation of the Niy,Mg;_,O thin film composition from that
of the corresponding ceramic target confirms the near-stoichiometric ablation by the

laser beam (Fig. 3.6(b)).

3.3.3 Composition Dependence of the Optical Band Gap

The optical transmission spectra of Ni,Mg;_,O thin films (x = 1, 0.83, 0.64, 0.41,
0.23, 0.17, 0.12) indicate about 80 % transparency in the visible and UV region
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Fig. 3.6: (a) EDX spectrum of NiggsMgo.360 thin film on MgO substrate recorded with
5 keV primary electron beam energy. (b) EDX compositional analysis of
NiyMgi_,O thin films grown on Si and MgO substrates in comparison to the cor-

responding ceramic target.

until the onset of their fundamental absorption (Fig. 3.7(a)). The optical absorption
blue-shifts with increasing MgO content in the NiyMg;_,O thin films, from 340 nm for
pure NiO to 200 nm for Nig15Mggg30. The absorption coefficient « is calculated from
the transmission spectra and film thickness according to Eq. (2.11), neglecting the
specular reflection at the specimen surface. The optical absorption spectra confirm
the linear relationship between the photon energy hv and (ahv)?, where o denotes
the absorption coefficient, which is valid for direct transitions in semiconductors at

the absorption edge (Fig. 3.7(b)) [120].

The growth conditions were chosen to prepare highly resistive and transparent
Ni,Mg;_,O thin films with a negligible concentration of Ni vacancies Vy; for the Ni-
rich compositions that may reduce the optical band gap by subgap absorption [121].
For MgO-rich compositions, the O vacancy Vo is the most stable intrinsic defect
(cf. Fig. 1.16(a)), for which absorption at 5 eV energy (248 nm) has been repor-

ted [122]. However, the shoulder of the absorption edge observed for Nig;7Mggg30
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Fig. 3.7: (a) Optical transmission of NigMg; O thin films (xz = 1, 0.83, 0.64, 0.41, 0.23,
0.17, 0.12) in the UV-visible range from 200 nm to 800 nm. (b) Optical absorption

showing the linear relationship between the photon energy hv and (ahv)?, where

« denotes the absorption coefficient, indicating a direct optical transition.

and Nig1oMggssO at a wavelength of 220 nm cannot be unambiguously attributed to
absorption by Vg defects, because the sensitivity of optical spectroscopy is too weak
to detect subgap absorption by a small concentrations of defects and also the deu-

terium light source intensity considerably drops for the deep UV wavelength region.

The composition dependence of the NiyMg;_,O optical band gap as determined
from the absorption spectra presented in this work is shown in Fig. 3.8. The optical
band gaps which have been determined in previous studies of Ni,Mg;_,O thin films
prepared by electron beam evaporation [87], molecular beam epitaxy [114], magnet-
ron sputtering [90,115], pulsed laser deposition [123] and sol-gel spin coating [116] are
included for comparison. In agreement with the previous studies, the present work
confirms that the measured optical band gap of pure NiO is 3.7 ¢V and by alloying
with MgO it increases linearly to 4.8 eV for Nip12MgpssO. Despite the small NiO
fraction of only 12 at.%, it is striking to observe that the measured optical band
gap remains 3 eV below that of pure MgO. It seems obvious that the Niy,Mg;_ O

band gap bowing must be described by a linear function of composition, which is
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in strong contrast to former studies attempting to apply the parabolic bowing equa-
tion (3.1) [86,87,90,115,117,118].

Hybrid density functional calculations using the Heyd-Scuseria-Ernzerhof (HSE)
approximation yields band gaps for Ni,Mg;,O in agreement with experiment (for
details see Ref. [124]). The slight overestimation (underestimation) of the calculated
NiO (MgO) band gap from the experimental values is due to the difference in dielectric
properties of NiO and MgO, as the empirical exchange mixing parameter used in the
calculation should be adjusted with the dielectric tensor. However, optimization of

the exchange mixing parameter would significantly increase the computational effort.

3.4 Discussion

By alloying with MgO, the NiO band gap increases about linearly from 3.7 eV
to 4.8 eV in Nig19oMgpssO. For MgO films doped with small concentrations below
12 at.% NiO a band gap discontinuity is expected. It is obvious that the standard
bowing equation cannot be applied to describe the anomalous Ni,Mg;_,O band gap
trend, because the bowing term bx(1 — ) only accounts for a parabolic deviation of
the interpolated band gaps as a function of composition z, as a result of the variation
in the crystal potential in the random alloy.

The very narrow NizMg; O 200 diffraction spots obtained by HR-XRD shown
in Fig. 3.2 do not show any peak broadening in the out of plane (), component in
reciprocal space indicating that compositional fluctuations on a macroscopic level
are insignificant. Compositional inhomogeneities are further very unlikely to be ob-
served as it has been shown experimentally that NiO and MgO are fully miscible,
typically forming a homogeneous NizMg; O solid solution [72,125]. A calorimet-
ric investigation as well as thermodynamic modelling of the NiO-MgO system re-

port a negative enthalpy of mixing describing a tendency towards atomic ordering
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Fig. 3.8: Optical band gap of NixMg;_4O thin films (x = 1, 0.83, 0.64, 0.41, 0.23, 0.17,
0.12) obtained by absorption spectra (black filled circles). The error in the de-
termination of the optical band gap is contained within the size of the data points.
Experimental optical band gaps which have been determined by absorption and
reflectance spectra in previous studies are included for comparison (grey empty
symbols, after Roessler [65], Zhao [87], Mares [114], Yang [115], Guo [123], Bout-
well [116] and Nishitani [90]). Calculated electronic band gaps of NiyMg; O ob-
tained from the density functional theory calculation using the HSE approach are

given by blue filled squares (after Rasander in Ref. [124]).

rather than clustering [126,127]. The microstructural homogeneity and high-quality
epitaxial growth of the Ni,Mg;_,O is evident from the HR-TEM images showing a
defect-free NixMg; O/MgO interface and suggesting single-domain epitaxial growth

without evidence of either ordering or clustering (cf. Fig. 3.5).

The NiyMg;_.O band gap bowing cannot be attributed to any transition in crystal
structure, direct-to-indirect electronic transition or variation in compositional homo-

geneity. However, calculations of the electronic properties of semiconductor alloy
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systems have previously shown that the band gap bowing coefficient may neverthe-
less become largely composition dependent if the dilute alloy shows a localized deep
impurity level in the band gap [128]. When there is a pronounced difference in prop-
erties between the alloy end members, the impurities in the dilute alloy may create

new electronic states rather than altering the host energy levels [129].

Local spin density functional theory calculations of the Nigq195Mggs750 density
of states has shown that the octahedral coordination of Ni with O atoms leads to
splitting of the degenerate d orbitals into occupied Ni 3d e, and to, states which are
separated by a small gap from unoccupied e, states (Fig. 3.9(a)) [130]. The Ni 3d
states are enclosed by O 2p and Mg 2s states forming the valence and conduction
band in MgO. The calculations did not take into account the d-d Coulomb repul-
sion parameter of 4 eV, describing the additional energy required for creation of an
electron-hole pair for charge transport via Ni 3d orbitals (cf. section 1.3.2). The
occupied Ni 3d to, and e, states are then shifted by —2 eV to merge with the O 2p
states of the valence band and the unoccupied Ni 3d e, are shifted by +2 eV. Despite
the large MgO fraction, it follows that the resulting Nig 195Mggs750 band structure
is equivalent to that of NiO with a band gap characterized by a charge transfer from
O 2p states in the valence band to unoccupied Ni 3d e, states forming the conduction

band (cf. Fig. 1.14(b)).

When the NiO concentration is diluted to the impurity limit in MgO, electronic
structure calculations have shown that localized Ni 3d e, and to, states are created in-
side the MgO band gap (Fig. 3.9(b)) [131]. Such localized states have been confirmed
experimentally by absorption spectroscopy, cathodoluminescence and photolumines-
cence measurements of Ni-doped MgO crystals indicating electronic transitions at-
tributed to the energy levels of Ni** impurities [132-134]. The anomalous Ni,Mg;_.O
band gap narrowing is thus attributed to the fundamental difference in electronic

structure between NiO and MgO, resulting in subgap absorption by Ni 3d e, states
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inside the MgO band gap.
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Fig. 3.9: (a) Nip.125Mgp.s750 density of states obtained using the local spin density func-
tional theory approach (after Kiibler et al. [130]). (b) Localized Ni 3d states in
impurity doped Ni:MgO inside the band gap obtained using the Fazzio-Caldas-
Zunger [135] method (after Timmer et al. [131]).

The origin of the NiyMg;_,O band gap bowing is fundamentally different from that
of most substitutional semiconductor alloys, for which the standard bowing equa-
tion holds. Instead, the non-parabolic Ni,Mg;_,O bowing behaviour induced by the
Ni 3d-derived localized states can be related to the band gap narrowing observed
for highly mismatched ITI-V semiconductor alloys such as GaN,As;., [136] and TI-VI
semiconductor alloys such as ZnS,Te; [137]. Alloying of GaAs (ZnTe) with a small
amount of N (S) introduces localized states at an energy level close to the conduc-
tion band edge, resulting in splitting of the conduction band into subbands and an
effective narrowing of the fundamental gap [138,139]. However, the Ni,Mg;_O solid
solution system is different in that the localized Ni 3d e, states remain as localized
impurity states well inside the MgO band gap while no perturbation of the host con-
duction band structure is observed [124]. The Ni,Mg;_,O solid solution presents a

unique system in which cation substitution of a small percentage of Ni%* for Mg?*
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leads to a fundamental change in the electronic structure, while maintaining complete
miscibility as well as structural stability over the entire composition range.

The NiyMg;_ O band gap trend is best described by a linear interpolation of the
NiO band gap E;'© (3.7 eV) and that of MgO doped with an infinitesimal Ni impurity

concentration ) MeO (4.9 eV):
E,(x) = xE};io +(1- x)Eg“:Mgo. (3.2)

The results suggest a critical Ni impurity concentration in NizMg;_,O beyond which
the defect-like impurity states become delocalised through the interaction of neigh-
bouring Ni?* cations distributed on the cation sublattice of the cubic rock-salt struc-
ture. For a random distribution of Ni?* and Mg?* cations on the face-centered cubic
sublattice of NiyMg;_,O, the calculated site percolation threshold of nearest-neighbour
Ni?* cations is 19.9 at.% NiO. [140]. The concentration threshold defines a "localized-
to-delocalized” transition (cf. Ref. [129]) at which the NiMg; O electronic structure
changes from the characteristics of a concentrated Ni,Mg;_O solid solution with a
Ni 3d-derived conduction band to that of a dilute Ni:MgO solid solution with isolated
Ni%* impurity centres creating localized states in the MgO band gap. The concen-
tration threshold indicates the length scale over which Ni?T-Ni?* interactions can
appear assuming next-nearest neighbour interactions. The non-random ordering of
Ni%* atoms on the cation sublattice sites must be taken into account since it decreases

the probability of Ni** nearest-neighbour site occupation.

3.5 Conclusion

Despite forming a completely miscible and compositionally homogeneous solid
solution, alloys of NiO and MgO exhibit a strikingly anomalous band gap bowing

behaviour. The non-parabolic Ni,Mg;.,O band gap dependence is attributed to the
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3 Band Gap Bowing in Ni,Mg;_,O

fundamental difference in electronic structure between NiO and MgO. Localized Ni
3d impurity levels inside the MgO band gap account for a pronounced band gap nar-
rowing as confirmed by optical absorption spectra. The standard bowing theory is
inapplicable to describe the NizMg;_,O band gap dependence and may in general not
be applied to semiconductor systems, for which one of the alloy end members creates
such deep levels in the band gap. Instead, the Ni,Mg;.,O band gap dependence on
composition is simply described by a linear interpolation of the band gaps of NiO and

Ni impurity doped MgO.
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4 La:BaSnOj; Solid Phase Epitaxy

and Interstitial Hydrogen Doping

This chapter presents the solid phase epitaxial growth of high mobility La:BaSnOs3
thin films on SrTiOj single crystal substrates by crystallization through thermal an-
nealing of nanocrystalline films prepared by pulsed laser deposition at room temper-
ature. While vapour phase epitaxy of La:BaSnOj3 requires very high growth temper-
atures of 750 — 900 °C under high vacuum, solid phase epitaxy is advantageous for
film growth because the high temperature process may be separated from the vacuum
deposition and easily performed in a conventional furnace. The La:BaSnOg thin films
are investigated for their epitaxial quality, carrier transport properties and La doping

activation efficiency.

The first experimental investigation of H doping to BaSnOj films is presented
employing H plasma treatment at room temperature. Hall transport measurements
show that after H doping, previously insulating BaSnOj5 films become highly conduct-
ive and in La:BaSnQOj films the carrier concentration may be increased, supporting a
theoretical prediction that interstitial H serves as an excellent n-type dopant. An ana-
lysis of the free electron absorption by IR spectroscopy yields a small (H,La):BaSnO3
electron effective mass of 0.27 4+ 0.05 my which is comparable to the values obtained

for other n-type conductive oxides like ZnO, SnO, and InyO3.
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4.1 Introduction

The extraordinarily high carrier mobility of 320 cm?/Vs recently reported for
BaSnOj3 single crystals at a carrier concentration of 8 x 10! cm™ [19] has triggered
a vast rescarch effort to improve and understand the electronic transport in BaSnO3
epitaxial thin films [22,24,25,95,96, 141, 142]. Besides its potential for commercial
application as a transparent contact composed of abundant elements, La:BaSnO3
epitaxial thin films may find applications as a high-mobility channel layer in multi-

functional perovskite-based electronic devices and field effect transistors [143-145].

Pulsed laser deposition (PLD) and molecular beam epitaxy (MBE) are the pre-
ferred methods for preparation of high mobility BaSnOj3 thin films. Both vapour phase
methods require elevated growth temperatures under high vacuum and stoichiometric
BaSnOj; growth with MBE is particularly difficult due to the difference in oxidation
potentials of Ba and Sn, demanding replacement of a conventional metal Sn source
by hexamethylditin (CH3)gSny or a pre-oxidized Sn source in form of SnOy [25,146].
In contrast, solid phase epitaxy presents an effective preparation method for single
crystal-like thin films, as demonstrated for InyO3(Zn0),, (m = integer) [147] and La-
CuOS [148,149] epitaxial thin films. This chapter will present the successful adoption

of solid phase epitaxy for preparation of high mobility La:BaSnOg3 thin films.

Room temperature Hall mobilities as high as 70 cm?/Vs have been reported for
vapour phase-grown epitaxial thin films at a doping level of 4 x 10?° cm ™2 prepared by
pulsed laser ablation of 4—7 at.% La:BaSnOj targets [19]. Despite La substitutional
doping well beyond the 3 at.% equilibrium solubility limit in BaSnO3 [40, 92, 150],
the actual La composition in the thin films has rarely been questioned. So far only
one report confirms the identical composition of 7 at.% La:BaSnOj3 target and pulsed
laser-deposited thin film using proton induced X-ray emission [22]. In the latter study

a La doping activation efficiency of 14 % is obtained, but other reports propose a 45-
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4.2 Experimental Methods

69 % [96] and 30-45 % [23] La activation efficiency. This work will present an evalu-
ation of the La doping efficiency from secondary ion mass spectroscopy concentration-
depth profiles of 7 at.% La:BaSnOj thin films prepared by solid phase epitaxy.
BaSnOj offers great flexibility for substitutional doping by replacement of either Ba
on the A-site or Sn on the B-site of the perovskite structure. However, substitutional
doping with Sb for Sn [20,151] was found to be less effective in raising the free carrier
concentration than doping with La for Ba, which is attributed to a more localized
electron distribution around Sb impurities in BaSn;_,Sb,O as compared to La sub-
stitutional doping in La,Ba;..SnOgz [94] and the more shallow ionization level of the
Lap, defect as compared to Sbg, [43]. Moreover oxygen-deficient n-type conducting
BaSnOs., thin films with carrier concentrations of 5 x 102 cm™ can be obtained by
vacuum annealing [93]. Further experimental studies of alternative n-type dopants for
BaSnOj thin films have not been reported. However, first principles calculations pre-
dict the potential of interstitial hydrogen as a shallow donor in high electron affinity
oxides, if the H* /H™ charge transition lies well inside the conduction band [152,153].
In particular, calculations of the thermodynamic stability of interstitial H in BaSnO3
indicate a low formation energy comparable to that of substitutional La on the Ba

site, suggesting interstitial H as a promising alternative for n-type doping [43].

4.2 Experimental Methods

Polycrystalline La,Ba; ,SnO3 (z = 0, 0.03 and 0.07) targets for PLD were prepared
from high purity BaCOg3, SnO, and LasO3 powders by solid state ceramic processing.
The powders were mixed by ball-milling, pressed to pellets and calcined at 1200 °C
for 12 h, then reground to powders, pressed and sintered at 1450 °C for 48 h. Rietveld
refinement of the X-ray diffraction (XRD) pattern of the 7 at.% La:BaSnOj3 target

showed that it is composed of two phases, 96.9 wt.% La,Ba;,SnO3 (space group
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Pm-3m, ICSD 100792) and 3.1 wt.% LaySnyO7 (spacegroup Fd-3m, ICSD 167144).
SrTiO3 (100) single crystal substrates were etched in NH4F-buffered HF solution
(pH 4.5) for 3 min and then ultrasonically cleaned in deionized water and ethanol.
After annealing of the HF-etched SrTiOj3; substrates at 1050°C for 1 h in air, a
TiO,-terminated step-and-terrace surface was obtained [154]. The SrTiO3 substrates
were inserted into a PLD system (< 1 x 107® Pa base pressure) and nanocrystalline
(La:)BaSnOj thin films were deposited at room temperature and 7 Pa O, pressure
using a 248 nm KrF laser with a fluence of 2 J/cm? at a pulse frequency of 10 Hz.

The target-to-substrate distance was 5 cm and the thin film thickness was 100 nm.

The nanocrystalline structure of the La:BaSnOj3 thin films was investigated by
X-ray diffraction (XRD) employing a Rigaku SmartLab diffractometer equipped with
a monochromatic Cu K, X-ray source (1.5406 A) utilizing Bragg-Brentano optics.
The thickness of the nanocrystalline thin films was obtained from X-ray reflectivity
measurements utilizing parallel beam optics. The as-deposited La:BaSnOg3 thin film
was then covered with the polished side of a yttria stabilized zirconia single crys-
tal substrate and annealed at 800 — 1200°C for 1 h in air to induce the epitaxial
crystallization. The annealing temperature was optimized to 1100 °C for preparation
of highly conductive, epitaxial La:BaSnO3 films of high crystalline quality. Parallel
beam optics were used to acquire high resolution-XRD w-26 scans and a reciprocal
space map of the La:BaSnO3 310 diffraction. The surface topography of the annealed
SrTiO3 substrates and the La:BaSnOg thin films before and after crystallization was
investigated with a Bruker AXS MultiMode8 (for SrTiOs substrates) and a Seiko
Instruments SPA-300 (for thin films) atomic force microscope (AFM).

Interstitial H doping of both BaSnO3 and La:BaSnOgj thin films at room tem-
perature was implemented by H indiffusion during plasma treatment in 10 Pa H,
atmosphere applying a radio frequency power of 50 W for 1 min. An IONTOF

time-of-flight SIMS was used to analyse the H and La concentration profiles in the
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La:BaSnOj; and (H,La):BaSnOj thin films. The polycrystalline 7 at.% La:BaSnOj
target was used as a standard to experimentally determine sensitivity factors for the
recorded intensities of LaOH™ anion clusters. 1 keV Cs* and 25 keV Bi" primary
ion beams were used for sputtering and analysis in an area of 300 um? and 100 pm?,

respectively.

The electron transparent cross-sectional TEM specimen was prepared by grinding,
polishing and dimpling until the specimen thickness was below 10 pwm, followed by
Ar ion milling using a PIPS Ton miller (Gatan USA). Conventional and high resolu-
tion transmission electron microscopy (HR-TEM) was performed using a JEOL 2100

microscope equipped with a field emission gun operating at 200 keV.

Alternating current Hall measurements were performed with a ResiTest 8300 sys-
tem (Toyo Co.) using the four-terminal method and van der Pauw geometry, em-
ploying electron beam-deposited Au/Ti contacts. Temperature-dependent electrical
transport properties were measured in the range from 300 K to 80 K in He atmo-
sphere. The desorption of Hy and HoO from (H,La):BaSnOj thin films was investig-
ated with thermal desorption spectroscopy (TDS, ESCO 1400TV) during annealing

up to temperatures of 700°C in ultrahigh vacuum (< 2 x 1077 Pa).

The optical transmission and reflectivity of the (H,La):BaSnOj thin films were
measured with a Hitachi U-4100 UV-VIS-NIR and a Bruker Optics VERTEX70v
FT-IR spectrophotometer. Profilometry and TEM images were used to determine
the thin film thickness after epitaxial crystallization. A reduction to about 65 % of
the original thickness was observed, which was taken into account for the evaluation

of electronic and optical properties.
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4.3 Results

4.3.1 La solubility in BaSnQO;

The XRD patterns of polycrystalline La,Ba;,SnO3 (z = 0, 0.03 and 0.07) ceramic
targets are shown in Fig. 4.1. While the BaSnO3 and Lag03Bag¢7Sn03 targets are
comprised of a single perovskite phase, the 7 at.% La doped BaSnO3 target shows an
impurity pyrochlore phase of LasSnyO7 which is attributed to the limited La solubility
in BaSnO3. A maximum La solubility of 4 at.% in BaSnOj is determined from the
weight fractions of phases obtained using Rietveld refinement and the overall 7 at.%
La doping concentration of the target, which is in good agreement with previous

analyses [40,92,150].

4.3.2 Structural Characterization

To facilitate the nucleation and solid phase epitaxial crystallization of La:BaSnO3
thin films, SrTiO; (100) substrates with a TiOs-terminated step-and-terrace surface
structure were prepared (Fig. 4.2(a)). After etching of the SrTiO3 (100) substrates
in a NHyF-buffered HF solution and annealing at 1050 °C, the surface profile shows
steps of about 4 A height corresponding to the SrTiOs unit cell size, and a terrace step
width of about 110 nm (Fig. 4.2(b)). The AFM micrograph of a room temperature
deposited 100-nm La:BaSnOj thin film shows a granular surface morphology indic-
ating a nanocrystalline structure (Fig. 4.2(c)). Despite using a high intensity 9 kW
X-ray source and Bragg-Brentano focussing optics, only diffraction peaks with weak
intensities comparable to the background radiation are observed and it is concluded
that the as-deposited La:BaSnOj thin films are of nanocrystalline nature (Fig. 4.2(d)).

After thermal annealing of the nanocrystalline 7 at.% La:BaSnOs thin films at

800 °C for 1 h in air, epitaxial growth through solid phase crystallization is initiated
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Fig. 4.1: XRD patterns of polycrystalline LayBaj «SnOs (z = 0, 0.03 and 0.07) ceramic

targets and simulated patterns using Rietveld refinement analysis (blue line).

as indicated by the roughened surface and HR-XRD pattern (Fig. 4.3(a,b)). The
surface topography of La:BaSnOj films after solid phase epitaxy at 900 °C shows
well-aligned, sharp cubic facets as consistent with the euhedral cubic La:BaSnOgs
crystals (Fig. 4.3(d)). However, the crystal mosaicity as indicated by the broad full
width at half maximum of the 200 La:BaSnOj rocking curve is significantly high
(Fig. 4.3(c,f)). The mosaicity of the solid phase epitaxially grown La:BaSnOj thin
films is significantly reduced by annealing at a temperature of 1100 °C, resulting in

a 0.07° full width at half maximum (FWHM) rocking curve (Fig. 4.3(i)).

The electrical resistivity and FWHM of the 200 rocking curves of 7 at.% La:BaSnOs3

thin films after annealed at temperatures of 950 to 1200 °C for 1 h in air shows
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Fig. 4.2: (a) AFM micrograph of the step-and-terrace SrTiO3 (100) surface after etching in
NH,F-buffered HF solution and annealing at 1050 °C for 1 h in air and (b) corres-
ponding step profile. (c¢) Granular surface morphology of 100-nm nanocrystalline
7 at.% La:BaSnOjs thin film deposited at room temperature and (d) corresponding
XRD pattern recorded using Bragg-Brentano optics and an w-offset to suppress

SrTiO3 substrate diffractions.
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a minimum at about 1100 °C (Fig. 4.4). While a sufficiently high temperature is
necessary for high quality epitaxial film growth from the amorphous phase, the crystal
quality is again rapidly degrading at temperatures above 1200 °C. For all (La:)BaSnO3
films characterized in the following, an annealing temperature of 1100 °C was used

to induce the epitaxial crystallization.

The reciprocal space map analysis shows that the La:BaSnO3 310 diffraction spot is
relatively narrow as compared to the SrTiO3 substrate diffraction, demonstrating that
epitaxial thin films of single crystal-like structure are obtained (Fig. 4.5). The in-plane
and out-of-plane lattice parameters of 4.107 A and 4.108 A of the La:BaSnOs thin film
are very close to the Lag gsBag 065103 unstrained lattice parameter of 4.12 A obtained
by Rietveld refinement of the XRD pattern of the 7 at.% La:BaSnOs target. It is
concluded that the thin films are almost completely relaxed due to the 5.5 % lattice

mismatch with the SrTiO3 substrate and the high-temperature crystallization process.

The microstructure of the (H,La):BaSnOs thin film is investigated by cross-
sectional bright-field (BF) TEM acquired under two-beam conditions near the <100>
zone axis (Fig. 4.6(a)). An array of equidistant misfit dislocations indicated by the
dark contrast is observed at the interface between the (H,La):BaSnOj thin film and
the Sr'TiO3 substrate. The threading dislocations which proceed through the bulk of
the film are indicated with thin arrows. The crystal quality of the La:BaSnO3/SrTiO3
interface is further investigated by cross-sectional HR-TEM images acquired along
the <100> zone axis, for which the equidistant misfit dislocations are marked with
bold arrows (Figs. 4.6(b) and (c)). Applying the measured in-plane La:BaSnOj
and SrTiOj lattice parameters obtained in the 310 reciprocal space map analysis in
Fig. 4.5(b), a theoretical misfit dislocation spacing of arpsoasto/(aLsso — asto) =
7.9 nm is obtained, which is in excellent agreement with the experimentally observed
7.7 nm spacing and confirms that the thin film is relaxed with respect to the substrate.

The selected-area electron diffraction pattern obtained for the La:BaSnOj3 thin film
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Fig. 4.3: 5 x 5 um? AFM micrographs of La:BaSnOj3 thin films, corresponding HR-XRD
patterns and 200 rocking curves using parallel beam optics after epitaxial crystal-

lization at (a-c) 800 °C, (d-f) 900 °C and (g-i) 1100 °C for 1 h in air.
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Fig. 4.4: Optimization of the annealing temperature of nanocrystalline La:BaSnO3 accord-
ing to crystal quality assessed by the electrical resistivity and FWHM 200 rocking

curve analysis.
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Fig. 4.5: Reciprocal space map of the 310 diffraction given by an equidistant iso-intensity
contour map on a logarithmic scale. The epitaxial La:BaSnOj thin film is fully
relaxed and the narrow diffraction peak relative to the SrTiOj single crystal sub-

strate diffraction indicates the low degree of mosaicity.
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confirms the La:BaSnOj3 (100) || SrTiO3 (100) epitaxial relationship (Fig. 4.6(d)).

Fig. 4.6: (a) Microstructure of the (H,La):BaSnOs thin film investigated by BF cross-
sectional TEM showing misfit dislocations along the (H,La):BaSnO3/SrTiO3 in-
terface and threading dislocations (thin arrows) proceeding through the bulk of
the film. (b),(c) Cross-sectional HR-TEM images showing the array of mis-
fit dislocations (bold arrows) along the La:BaSnO3/SrTiOgs interface with an
equidistant 7.7 nm spacing. (d) Corresponding selected area diffraction pattern of
the La:BaSnOg3 thin film. Micrographs were taken by S. Rhode, Imperial College

London.

The solid phase crystallization of nanocrystalline La:BaSnO3 thin films on MgO
substrates at a temperature of 1100 °C was also investigated. The surface topography
shows a rough surface indicating formation of a polycrystalline film (Fig. 4.7(a)).
The XRD pattern shows that La:BaSnOg epitaxy is observed with a large degree of
mosaicity (Fig. 4.7(b,c)), but a secondary phase of spinel MgoSnO,4 develops which
is attributed to interdiffusion of Sn from the nanocrystalline La:BaSnOj3 phase into
MgO due to the high temperature process. It follows that the phase stability is a
crucial factor in considering suitable substrates for the solid phase epitaxy process.

All La:BaSnOj3 thin films characterized in the following sections were prepared by
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solid phase epitaxy on Sr'TiOj substrates.
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Fig. 4.7: (a) 5 x 5 um? AFM micrographs of La:BaSnOj3 thin film on MgO substrate, (b)
corresponding HR-XRD pattern indicating a secondary spinel MgoSnOy4 phase
and (c) La:BaSnOgz 200 rocking curve using parallel beam optics after solid phase

crystallization at 1100 °C for 1 h in air.

4.3.3 Compositional Analysis

The recorded intensities of H™ anion, SnO; and LaOH™ anion clusters during SIMS
depth-profiling of two 80-nm La:BaSnOj thin films after solid phase crystallization
at 1100 °C, before and after H plasma treatment, are shown in Figs. 4.8(a) and (b),
respectively. The LaOH™/SnO; intensity ratio is constant over the entire depth
profile indicating that La is uniformly distributed within the La:BaSnOj3 thin films.
Employing experimentally derived sensitivity factors with a reference to the intensities
obtained for the 7 at.% La:BaSnOj3 target, a La concentration of 7.4+ 1.5 at.% in the
crystallized La:BaSnOj3 thin films is determined. It follows that the La composition in
the La:BaSnOj thin films is maintained during both room temperature PLD and solid
phase crystallization at 1100 °C. The H™ concentration profiles include H desorption
from the thin film surface, unintentional H incorporation during thin film deposition

and the background intensity resulting from residual H within the analysis chamber.
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The direct comparison of untreated and H plasma treated La:BaSnOg3 thin films shows
a noticeably enhanced H concentration for the co-doped (H,La):BaSnOs3 thin film over

the entire depth of the thin film.

4.3.4 Electrical Transport Properties

The electrical transport properties for a series of La:BaSnOg thin films prepared by
solid phase epitaxial growth are summarized in Table 4.1. The electrical resistivity is
as low as 3.3 x 107% Qcm and Hall mobilities of 26 +1 cm?/Vs are obtained at carrier
concentrations of about 6 x 10* ¢cm™3. Undoped BaSnOj; thin films are insulating,
but after H plasma treatment for 1 min they become highly conductive with Hall
mobilities of 15+ 1 cm?/Vs, which is similar to that of the La:BaSnOj thin films but
obtained at a doping level of only 3.3 x 10! cm™3 Fig. 4.9. Co-doping of La:BaSnQO3
thin films by H indiffusion during the plasma treatment raises the doping level from
about 8 x 10Y cm™ to 1.6 x 10** cm™2, while the Hall mobility increases marginally.
The temperature-dependent electrical transport properties of a La:BaSnO3 thin film
before and after H plasma treatment are shown in Fig. 4.9(b). The carrier concentra-
tion remains nearly constant with temperature indicating degenerate semiconductor

(metal-like) behaviour.

TDS measurements show enhanced desorption of Hy and H-related species such
as HyO for the H plasma treated BaSnO3; and La:BaSnOs thin films in the tem-
perature range from 100 — 370°C as compared to the H-undoped La:BaSnOj thin
film (Fig. 4.10). Hall measurements after the high vacuum annealing process indicate
that H doping is reversible, because the previously conducting H:BaSnOg3 thin film
becomes insulating and the carrier concentration in the (H,La):BaSnOj thin film is

reduced to the original La doping level (see Tab. 4.2).
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Table 4.1: Electrical resistivity and Hall mobility for La-doped BaSnOgs thin films as a
function of carrier concentration before (left column) and after H doping (right

column) presented in Fig. 4.9(a).

Material Carrier concentration Resistivity Hall mobility
n (cm™3) p (1073 Qcm) pr (cm?/Vs)
BaSnO; - 2.9.10" - 23 - 9.2
BaSnOs; - 3.3-10% - 12 - 15
La:BaSnO3  5.6-10  9.2.10Y 15 3.7 7.7 18
La:BaSnO3 5.6 - 10" 1.2-10% 5.2 2.6 21 19
La:BaSnO3  57-.10Y  1.0-10% 13 3.1 8.2 19
La:BaSnO3;  6.0-10% - 4.0 - 26 -
La:BaSnO3 6.9 - 10" 1.6 - 10% 3.3 1.9 26 22
La:BaSnO3  7.2.10Y  1.2-10% 3.6 2.0 24 27
La:BaSnOz  7.3.10" 1.3-10% 11 2.7 7.7 17
La:BaSnO3  7.4.10% 1.1-10% 6.6 2.4 13 23
La:BaSnO3;  7.9.109 - 3.4 - 23 -
La:BaSnO3  8.3-10" 1.4-10% 5.1 2.2 15 19
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4.8: SIMS depth profiles of (a) La:BaSnOj3 thin film after solid phase crystallization at

1100°C and (b) co-doped (H,La):BaSnOs after subsequent H plasma treatment.

The La doping concentration is evaluated by employing experimentally determined

sensitivity factors. SIMS depth profiles were recorded by S. Fearn, Imperial College

London.

Table 4.2: Comparison of the electrical resistivity p, carrier concentration n and Hall mobil-

ity ug of H:BaSnOg and (H,La):BaSnOj thin films before and after the thermal

desorption of Hy and HsO.

after H plasma treatment

after Hy and H2O desorption

specimen
14 n HH P n M
(Qcm) (em™3)  (cm?/Vs) (Qcm) (em™3)  (cm?/Vs)
H:BaSnO3 3.8x1072 1.3 x 10" 13 insulating
(H,La):BaSnO3  2.0x 1073 1.2 x 10%° 27 2.8x107% 8.1 x 101 28
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thin films as a function of carrier concentration. Co-doped (H,La):BaSnOs3 thin

films show the highest carrier concentrations of about 1.6 x 102 cm™3. (b) The

temperature-independent carrier concentration of both La:BaSnO3 and co-doped

(H,La):BaSnOj3 thin film indicates degenerate semiconductor (metal-like) beha-

viour.
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Fig. 4.10: TDS spectra of mass/charge ratio m/z = 2 (Hg) and m/z = 18 (H20) for H plasma
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treated H:BaSnO3 and (H,La):BaSnOg thin films in comparison to a La:BaSnOg
thin film without intentional H doping. Annealing of (H,La):BaSnO3 was termin-
ated at a temperature of 370 °C to demonstrate the change in electronic proper-
ties after Hy and HoO desorption (cf. Tab. 4.2). The amount of HoO desorption
between 100-370°C was 5.4 x 10%° cm™3, 5.8 x 10?Y ecm ™3 and 2.0 x 10%° ¢cm ™
for H:BaSnO3, (H,La):BaSnO3 and La:BaSnOgs, respectively. Measurements were

conducted by K. Ide, Tokyo Institute of Technology.



4.3 Results

4.3.5 Optical Characterization and Electrical Transport

Properties

The optical transmission of a La:BaSnOg thin film before and after H plasma treat-
ment is shown in Fig. 4.11. The co-doped (H,La):BaSnOj thin film shows enhanced
free carrier absorption in the IR spectral region as compared to the La:BaSnOg3 thin
film. The La-doped and co-doped (H,La):BaSnOjz thin films are both about 85 %

optically transparent in the visible region including the reflection loss.
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Fig. 4.11: Optical transparency of a La:BaSnOgs thin films on SrTiOs substrate before
and after H plasma treatment. The enhanced carrier density in the H-doped

La:BaSnOsj is indicated by the free carrier absorption in the IR spectral region.

The optical transmission and reflectivity of the (H,La):BaSnOg thin films was fur-
ther investigated by FTIR spectra (Fig. 4.12(a)). A pronounced optical absorption
in the region of 0.2 — 0.8 eV is observed which is attributed to the free carrier absorp-
tion in the (H,La):BaSnOj3 thin film by comparison with the FTIR spectra of the bare
SrTiO; single crystal substrate. The dielectric function e(w) of the (H,La):BaSnO3
thin film at the IR spectral region is calculated by fitting theoretical transmission and
reflectivity spectra to the measured ones at each data point (point-by-point analysis)

with accounting for the dielectric function of the Sr'TiOg3 substrate. It is described by
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the Drude free electron model in Eq. (2.14). The parameters used in the analytical

model further allow for calculation of the DC resistivity p = ﬁ, optical mobility
o%p

_ eoeoowg

—+= and electron effective mass according to Eq. (2.15) of the (H,La):BaSnO3
thin films.

The Drude free-electron model describes the dielectric function of the
(H,La):BaSnOg thin film in the IR spectral region well (Fig. 4.12(b)). Since the optical
mobility and the electron effective mass vary with the square of plasma frequency,
the error in determination of these parameters for a single specimen is large. Thus an
average optical mobility of 26 =7 cm?/Vs and electron effective mass 0.27 4 0.05 mg

of (H,La):BaSnOj thin films is determined from a series of specimens.
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Fig. 4.12: (a) The IR optical transmission and reflectivity of the bare SrTiO3 substrate and
(H,La):BaSnOg thin film with (b) corresponding dielectric function obtained by
a point-by-point analysis of the optical spectra. The dashed line indicates a fit of

the Drude free electron model describing the free carrier absorption.
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4.4 Discussion

4.4.1 La Doping Concentration and Donor Activation Efficiency

La:BaSnOj thin films of single crystal-like structure can be obtained employing
the solid phase epitaxial growth method, but the high crystallization temperat-
ure of 1100 °C may result in purification of La:BaSnOgs thin films with a reduced
La concentration in analogy to the zone refining process of single crystals. The
preparation of polycrystalline La,Ba;.SnO3 powders and sintered ceramic targets
showed that the equilibrium solid solubility limit of La in BaSnOj is only about
3 at.% [40,92,150], attributed to the smaller effective ion radius of La** (1.36 A) as
compared to Ba?* (1.61 A) [39]. The La solubility in La,Ba;..SnOs3 determined in
this work is about 4 at.%, as obtained from the weight fractions of 96.9 % La:BaSnQO3
and 3.1 % LaySny, O after Rietveld refinement of the XRD pattern of the two-phasic
7 at.% La:BaSnOj target. Employing experimentally determined sensitivity factors
for SIMS composition analysis, it is confirmed that the 7 at.% La doping concentra-
tion is maintained within the crystallized La:BaSnOg thin films after PLD and solid
phase crystallization at 1100 °C temperature.

Epitaxial stabilization of the La:BaSnO3 thin films may support La doping beyond
the solubility limit without formation of a secondary phase. However, since the ob-
tained La:BaSnOs3 thin film lattice parameters are similar to that of bulk La:BaSnO3
with a La doping concentration of 4 at.%, excess La may have segregated at domain
boundaries or likewise formed a secondary LasSn,O7 phase. These phases would not
be identified by XRD analysis due to the random orientation and small crystallite
size. Assuming that every La atom may contribute one free electron, the measured
Hall carrier concentration of 9.0 x 10* cm™3 for the La:BaSnOs thin film yields a La
dopant activation efficiency of 9—16 %, depending on the actual La concentration in

the La:BaSnOj3 grains of 4—7 at.%. The results are consistent with previous reports
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of 7 at.% La:BaSnO3 thin films deposited at 850 °C using pulsed laser deposition, for
which a 14 % La doping activation efficiency was obtained [22].

The HR-TEM images indicate a high density of misfit dislocations at the
La:BaSnOj3/SrTiO; interface resulting from the significant 5.4 % lattice mismatch
between thin film and single crystal substrate. Because the dislocations may cre-
ate deep electronic levels and trap carriers, a very high La doping concentration is
required for screening of the defects before free carriers may be introduced that con-
tribute to a high mobility [95,142]. The trapping of carriers at dislocations is likely
the reason why epitaxial La:BaSnOg3 thin films on SrTiOj single crystal substrates
with doping levels below 2 x 10 ¢cm™ have not been reported. For semiconductor
thin films of high dislocation density the free carrier concentration may drop abruptly

by several orders of magnitude below a certain carrier concentration threshold [155].

4.4.2 Interstitial Hydrogen Doping

The concept of interstitial H forming a shallow donor state in high electron affinity
oxides was introduced by van de Walle et al. [152]. Since for most semiconductors
the HY /H™ charge transition level lies virtually constant at about 4.5 eV below the
vacuum level, interstitial H may form a shallow donor if its level lies well inside the
conduction band [49,152,153]. In analogy to ZnO and SnOy, BaSnO3 demonstrates
a sufficiently high electron affinity to be doped by interstitial H (Fig. 4.13). Further-
more, first principles calculations of interstitial H in BaSnO3 suggest a low formation
energy, which is comparable to that of La substitution for Ba [43].

The large dispersion of the BaSnO3 conduction band arising from the Sn 5s or-
bital as well as the ideal 180° Sn—O—Sn bond angle in the network of corner sharing
[SnOg]?~ octahedra in the cubic perovskite structure are seen as the key factors for

the high mobility [91]. The Hall measurements presented in this work show that
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Fig. 4.13: Position of the universal HT /H™ charge transition level in ZnO (after Van de
Walle [49]), SnO3, SrTiO3 and BaSnO3 with reference to the vacuum level (en-
ergy band alignments of ZnO/SnOj3, SnO2/SrTiO3 after Robertson [50] and
SrTiO3/BaSn0O3 after Bjaalie [52], respectively).

similar high mobilities are achieved by both, H- and La-doping (Fig. 4.9), as in-
terstitial H does not perturb the electron conduction path through the [SnOg]?~
octahedra network. For example, Sb-doping on the Sn-site in Shb:BaSnQj is less be-
neficial as it results in inferior electronic transport and Hall mobilities as compared
to La:BaSnOj3 [94,142] and H:BaSnOj. Thus interstitial H is suggested as the second

most effective n-type dopant for BaSnOg3 after La reported up to date.

4.4.3 Electron Mobility, Electron Effective Mass and Carrier

Scattering

According to equation (1.6), the electrical mobility u in a semiconductor is de-

termined by the ratio of the momentum relaxation time 7, denoting the average time
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of momentum loss by scattering, and the electron effective mass m*. As compared to
other high mobility TCOs such as ZnO, InyO3 and SnO,, the (H,La):BaSnOj3 electron
effective mass of 0.27£0.05 my is similarly small, indicating a large contribution to the
high mobility (Tab. 4.3). Since the highest reported electron mobility of 320 cm?/Vs
has been reported for La:BaSnOg3 single crystals, the origin of the reduced mobility
is proposed to result from the increased scattering rate (77!) of electrons at defects

in epitaxial (H,La):BaSnOj thin films.

Table 4.3: Comparison of the electron effective mass of high mobility TCOs ZnOs,
(H,La):BaSnOg3, SnO4 and InyOs3.

TCO effect. mass (my) Method Ref.
7n0 0.23 cyclotron resonance [156]
(H,La):BaSnO3 0.27 £+ 0.05 FT-IR spectroscopy this work
SnO, 0.28 cyclotron resonance [157]
InyO; 0.34 first-principles calculation [158]

The optical mobility of 26 + 7 cm?/Vs obtained for (H,La):BaSnOj thin films
from IR optical spectra is about equal to the electron mobility obtained by Hall
measurements, indicating that scattering of electrons at grain boundaries is insigni-
ficant. The negative slope of the mobility-temperature relation indicating the non-
thermally activated behaviour in Fig. 4.9(b) also supports this idea. This behaviour
is typical for highly degenerated semiconductors, in which the trapped charges at
the grain boundaries may be screened by the high density free electron gas, thereby
reducing the effective barrier height for intergranular transport [159]. In compar-
ison to La:BaSnOj3 single crystals, the dislocation density in La:BaSnOjs thin films
is generally larger by about an order of magnitude [142]. Tt is suggested that dis-

locations act as electron acceptors and the charged defects may significantly reduce
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the optical mobility by long-range Coulombic interaction with carriers. Charged dis-
location scattering is strongly screened due to the high carrier density and explains
why for La:BaSnOj the Hall mobility generally increases with carrier concentration
(cf. Fig. 4.9(b)). The nearly temperature-independent electrical mobility observed for
(H,La):BaSnOg further shows striking similarity to the charged dislocation scattering
mechanism reported for degenerately doped GaN [160] and InN [161] with high defect

densities.

4.5 Conclusion

The La:BaSnOj solid phase epitaxy presents an effective method to obtain high
mobility films of single crystal-like structure using the room temperature-deposited
nanocrystalline phase as precursor. The relatively low La dopant activation of about
9 — 16 % is attributed to dislocations in epitaxial La:BaSnOj3 thin films which act
as carrier traps and possibly La segregation at grain boundaries due to the limited
solubility in BaSnOjz and high temperature crystallization process. Interstitial H
doping as implemented by room temperature H plasma treatment is presented as
the second most effective n-type doping possibility after substitutional La doping to
enhance carrier concentrations. As compared to La:BaSnOjz thin films, H:BaSnOj3
thin films show a similarly high mobility of 15 4+ 1 cm?/Vs, but at a doping level of
only 3.3 x 10! cm ™.

The small electron effective mass of 0.27 + 0.05 my contributes to the high
29 + 1 cm?/Vs mobility observed for epitaxial co-doped (H,La):BaSnO3 thin films,
but the mobility is low as compared to 320 cm?/Vs reported for La:BaSnOs single
crystals. Both the TEM observation of the high misfit and threading dislocation dens-
ity and the nearly temperature independent electron mobility suggest that charged

dislocation scattering is the main cause for the reduced electron mobility in epitaxial
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(H,La):BaSnOy thin films.
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5 Electron Mobility Limits in

Epitaxial BaSn0O3 Thin Films

In this chapter, the high room temperature mobility and the clectron effective
mass in BaSnOj are investigated in depth by evaluation of the free carrier absorption
observed in infrared spectra for epitaxial films with free electron concentrations from
8.3x 108 to 7.6 x 10%*° cm~3. Both the optical band gap widening by conduction band
filling and the carrier scattering mechanisms in the low and high doping regimes are
consistently described employing parameters solely based on the intrinsic physical
properties of BaSnO3. The results explain the current mobility limits in epitaxial
films and demonstrate the potential of BaSnO3 to outperform established wide band

gap semiconductors also in the moderate doping regime.
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5.1 Introduction

Transparent perovskite stannate BaSnO3; shows great potential as a high-mobility
electron transport material composed of abundant elements. Since the report of an
extraordinary high room temperature mobility of 320 cm?/Vs for La:BaSnOj single
crystals [19], which is the highest value reported for perovskite oxides, the material
has rapidly attracted interest as high-mobility channel layers in oxide thin film tran-
sistors [143-145] and multi-functional perovskite-based optoelectronic devices [32,33].
To fully exploit the potential of La:BaSnOj3 for device applications, current research
concentrates on understanding and improving the electron transport in epitaxial

La:BaSnOj thin films [22,24-26,95,96,141,142].

La:BaSnOj3 thin films grown heteroepitaxially on SrTiO3 substrates using pulsed
laser deposition (PLD) show a reduced carrier mobility of 70 cm?/Vs [96] as compared
to single crystals. It was suggested that the high density of dislocations introduced
scattering centres for electron transport [95]. However, even by homoepitaxy on
BaSnOj3 single crystals the carrier mobility can be increased only to 100 cm?/Vs [24].
Moreover, molecular beam epitaxy allows for preparation of La:BaSnOj films with the
record Hall mobility of 124 cm?/Vs on SrTiOs substrates [25], suggesting the larger
impact of the deposition method on electron transport properties. A quantitative
analysis of the prevailing carrier scattering mechanism in BaSnOj3 epitaxial films is
still lacking and would provide a guideline for improving the electron transport beyond
the current mobility limits of epitaxial films.

The high mobility in La:BaSnQOg single crystals is attributed to the large dispersion
of the Sn 5s orbital-derived conduction band and the ideal 180° O—Sn—O bond
angle in the network of corner sharing (SnOg)?~ octahedra in the cubic perovskite
structure [91]. Quantitatively, the electron mobility is determined by the ratio of

electron effective mass m and scattering relaxation time 7 as given in Eq. (1.6). A
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fundamental understanding of the electron transport in epitaxial La:BaSnOjz films
thus requires a quantitative analysis of these two quantities, which both strongly

dependent on carrier concentration.

5.2 Experimental Methods

Polycrystalline La,Ba;_,SnO3 (x = 0, 0.01, 0.03 and 0.07) ceramic targets for pulsed
laser deposition (PLD) were prepared by calcination of stoichiometric mixtures of high
purity LasOz, BaCO3 and SnOy powders at 1200 °C for 12 h, reground and sintered
at 1450°C for 48 h. A polycrystalline NiO target was prepared by sintering high
purity NiO powder at 1200 °C for 5 h.

200-nm La:BaSnOj thin films were deposited on a 50-nm NiO buffer layer on
MgO(100) single crystal substrates by pulsed laser ablation of the targets using a
KrF excimer laser (248 nm) at a pulse frequency of 8 Hz. The NiO buffer layer
was deposited at a substrate temperature of 700 °C, O, pressure of 0.7 Pa and laser
beam fluence of 2.3 J/ecm?. The La:BaSnQOj3 thin film was deposited at a substrate
temperature of 800°C, O, pressure of 20 Pa and laser beam fluence of 1.8 J/cm?.
The La doping concentration in the BaSnOj3 films was varied from 0 — 7 at.% in the
Ba site by co-ablation of two La,Ba;_,SnOj3 ceramic targets of different compositions

x using a multi-target carousel.

The crystal structures of the films were investigated by high resolution X-ray dif-
fraction (HR-XRD) employing a Philips MRD diffractometer with a monochromatic
Cu K, (1.5406 A) X-ray source and parallel beam optics. The surface topography
of the MgO substrate, NiO and La:BaSnOj3 thin films was investigated with a Bruker

atomic force microscope (AFM) in contact mode. The cross-sectional transmission
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electron microscopy (TEM) specimen was prepared by grinding, polishing and dim-
pling until the specimen thickness was below 10 um, followed by Ar ion milling using
a PIPS Ion miller (Gatan USA). Conventional and high resolution TEM was per-
formed using a JEOL 2100 microscope equipped with a field emission gun operating
at 200 keV.

Optical transmission and reflectivity spectra of La:BaSnOj3 films were measured
by vacuum Fourier transform infrared (FTIR) spectroscopy for photon energies of
0.1 — 1 eV. Ellipsometry spectra of La:BaSnOj films were recorded using a Jobin
Yvon UVISEL spectrophotometer equipped with a phase modulator, at 60° angle of
incidence and in the spectral range from 0.6 — 4.8 eV.

Alternating current Hall measurements of La:BaSnOj films at room temperature
were performed with a LakeShore 8400 system (Toyo Co.) using the four-terminal
method with sputtered Au/Ti contacts in van der Pauw geometry. The Hall carrier
concentration was accurately determined using the film thickness derived from spec-
troscopic ellipsometry analysis. Temperature-dependent electrical transport proper-
ties were measured with a ResiTest 8300 system (Toyo Co.) in the range from 300 to

45 K in He atmosphere.

5.3 Results

5.3.1 La:BaSnQO; Epitaxy on MgO Substrate

Regardless of the small 2.3 % lattice mismatch between MgO (4.212 A) and
BaSnO; (4.117 A), a NiO buffer layer (4.177 A) is necessary to facilitate the epi-
taxial growth. The out-of-plane HR-XRD patterns of 7 at.% La:BaSnO3 thin films
on MgO(100) substrate demonstrate that the crystal quality strongly depends on the
thickness of the NiO buffer layer (Fig. 5.1). The 7 at.% La:BaSnOj3 thin film depos-
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ited directly on the MgO substrate without use of any buffer layer is nanocrystalline-
polycrystalline as indicated by the diffraction peaks from different crystallographic
planes, the weak peak intensities and missing diffraction peaks as compared to the
XRD pattern of the polycrystalline material (cf. Fig. 4.1). By employing a 30-nm
thick NiO buffer layer, (100) epitaxy is observed, however, a significant fraction of
the 7 at.% La:BaSnOs film still shows a random orientation. When the NiO buffer
layer thickness is increased to 60 nm, high quality (100) epitaxy of 7 at.% La:BaSnOj3
on NiO/MgO is realized.
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Fig. 5.1: Out-of-plane HR-XRD patterns recorded with parallel beam geometry of 7 at.%
La:BaSnOj3 thin films on MgO substrate without buffer layer, 30-nm and 60-nm
NiO-buffered MgO substrate. Insets show a magnification of the 200 diffraction

peaks on a linear scale.

Apart from the structural difference of BaSnO3z and MgO, the quality of the sub-
strate surface is another crucial factor to consider for achieving high quality epitaxy.

The surface roughness of an as-received, chemically-mechanically polished MgO sub-
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strate annealed at a temperature of 800 °C is greater than that of a 50-nm NiO thin
film deposited on MgO substrate with the same annealing treatment (Fig. 5.2). In
general, MgO substrates are prone to form a carbonate layer and it is more difficult
to clean the surface by annealing. This is in contrast to the high crystal quality per-
ovskite substrates such as Sr'TiO3, for which a clear step-and-terrace surface structure
may be readily obtained (cf. Fig. 4.2(a)). While the MgO substrate shows no such
surface features, the NiO film topography shows facets which may promote nucleation

of BaSnOj at the initial growth stage.

(a) Mgo substrate ~ RMSR4A

2nm

3nm

Fig. 5.2: Surface topography of (a) MgO substrate and (b) 50-nm NiO buffer layer on MgO

substrate both annealed at 800 °C.

The surface topography of 7 at.% La:BaSnOj thin films on MgO(100) substrate
changes remarkably based on the thickness of the NiO buffer layer. When no
buffer layer is employed or the NiO film thickness is only 30 nm, a nanocrystal-
line thin film morphology with large surface roughness is observed (Fig. 5.3(a,b)).
7 at.% La:BaSnOj thin films deposited on MgO substrates employing a NiO-buffer
layer of 60 nm show an atomically smooth surface indicating a high quality crystal
growth (Fig. 5.3(c)).

The high resistivity of the 7 at.% La:BaSnOj film on MgO substrates without NiO
buffer layer reflects the nanocrystalline nature of the film, in agreement with XRD

and AFM analysis (Tab. 5.1). In contrast, the electrical transport properties of the
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m (c) 7% La:BasSnO,

Fig. 5.3: Surface topography of 7 at.%La:BaSnO3 (a) nanocrystalline film on MgO substrate
(b) nanocrystalline/semi-epitaxial film on 30-nm NiO-buffered MgO substrate and

(c) epitaxial film on 60-nm NiO-buffered MgO substrate.

7 at.% La:BaSnOj film grown on NiO-buffered MgO substrate are greatly improved.
It is remarkable that the nanocrystalline/semi-epitaxial 7 at.% La:BaSnOj film grown
on 30-nm NiO-buffered MgO substrate shows a surprisingly high carrier concentration
and Hall mobility as compared to the epitaxial film grown on 60-nm NiO-buffered
MgO substrate, indicating that the remaining fraction of the nanocrystalline phase

does not deteriorate the transport properties to a large degree.

Table 5.1: Electron transport properties of 7 at.% La:BaSnOg3 thin film on MgO substrate,

and employing a 30 nm and 60 nm NiO buffer layer on MgO substrate.

Material NiO thickness Resistivity Carrier concentration Hall mobility
(nm) (Qcm) (cm™3) (cm?/Vs)
7 at.% La:BaSnOs3 0 1.7 - -
7 at.% La:BaSnOj3 30 1.9 x 1073 2.4 x 10%° 14
7 at.% La:BaSnOs; 60 1.6 x 1074 7.3 x 10%° 47
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5 Electron Mobility Limits in Epitaxial BaSnOs Thin Films

5.3.2 Structural Characterization of La:BaSnO;/NiO Epitaxial

Films

All La:BaSnO3/NiO heterostructures characterized in the following sections refer
to a NiO buffer layer thickness of 50 nm, which is sufficient to obtain single-phase
epitaxy along the [100] crystallographic direction for both layers, as demonstrated
by the out-of-plane diffraction pattern of the La:BaSnOj3/50-nm NiO heterostruc-
ture (Fig. 5.4(a)). The 0.57° full width at half maximum (FWHM) of the out-of-plane
200 La:BaSnOj diffraction peak obtained after deconvolution from the corresponding

NiO diffraction peak indicates a moderate degree of mosaicity (Fig. 5.4(b)).

( ) LA REREEREREE N TTT T T T T T[T T TTToyT ( )

Mg0(200)
La:BasnO, (200) 3
MgO 3
La:BasnO, (400)

La:BasSnO, (100)
NiO(400)

[%— NiO(200)
- La:BasnO, (300) :

Intensity (a.u.)

il

Intensity (a.u.)

94 96 98

20 30 40 50 60 70 80 90 100110120
20 (°) Aw (%)

Fig. 5.4: (a) Out-of-plane HR-XRD pattern of La:BaSnOj3 thin film on 50-nm NiO-buffered
MgO substrate in a logarithmic plot, indicating the single-phase and 100 oriented
epitaxial growth. Insets show magnified views of the 200 and 400 diffraction peaks
on a linear scale. (b) The 0.57° FWHM rocking curve of the La:BaSnOgz 200

diffraction demonstrates epitaxial growth with a moderate degree of mosaicity.

The 204 reciprocal space map high resolution X-ray diffraction (HR-XRD) ana-
lysis confirms the 100 epitaxy of La:BaSnOgs thin film on NiO-buffered MgO sub-

strate (Fig. 5.5). The NiO buffer layer is slightly strained in plane while the
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La:BaSnOj thin film is completely relaxed and shows a moderate degree of mosa-
icity as indicated by the broadened diffraction peak relative to that of the MgO

single crystal in the 204 reciprocal space map.

' T
. max 3% La:BasnO, (204)

6.2 a =4.117A
intensity a,=4.124A
I min Q

NiO (204)
- a,=4.186 A -
%a =4172A
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a=4212 A . .
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[e)]
[
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Fig. 5.5: HR-XRD 204 reciprocal space map of 300-nm La:BaSnOj3 on 50-nm NiO-buffered
MgO substrate given by an intensity contour map on a logarithmic scale with

reference positions of unstrained crystals indicated with black dots.

The cross-sectional bright-field transmission electron microscopy (TEM) image
of the La:BaSnOj thin film on a NiO-buffered MgO substrate indicates colum-
nar growth as deduced from the observation of grain boundaries marked by
the arrows in Fig. 5.6(a). The cross-sectional high resolution micrograph shows
the La:BaSnO3/NiO interface is free of misfit dislocations (Fig. 5.6(b)) as con-
firmed by the average background subtraction filtered (ABSF) HR-TEM micro-
graph (Fig. 5.6(c)). Consistent with the mosaicity derived from HR-XRD analysis,
the La:BaSnO3 microstructure shows grains of ca. 30 nm size which are slightly tilted

with respect to the [100] epitaxial orientation and forms low-angle grain boundaries

(Fig. 5.6(d)).
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TERT N K

La:BaSnO3

Fig. 5.6: (a) Cross-sectional bright-field TEM micrograph indicates the presence of ver-

106

tical grain boundaries in La:BaSnOj3 and columnar growth. (b) Cross-sectional
HR-TEM micrograph shows the single-domain epitaxy at the La:BaSnO3/NiO in-
terface which is free of misfit dislocations as confirmed by the (c) ABSF-filtered
HR-TEM micrograph. (d) HR-TEM micrograph of a low-angle grain bound-
ary between two La:BaSnOgs crystallites. TEM micrographs were recorded by

S. Rhode, Imperial College London.



5.3 Results

5.3.3 Electron Effective Mass

The optical transmittance and reflectivity of the La:BaSnOg3 thin films were recor-
ded with FTIR spectroscopy for photon energies of 0.1 — 1 eV. By comparison with
the transmittance spectrum of a 50-nm NiO film on a MgO substrate, the free carrier
absorption in La:BaSnOj3 below 0.4 eV energy is observed even for a small carrier
concentration of 1.6 x 10! em™ (Fig. 5.7(a)). When the doping level is increased
to 4.4 x 102 cm—3, the La:BaSnOs film shows a significantly enhanced IR absorp-
tion and reflectivity. The optical constants are obtained from the transmittance and
reflectivity spectra as described in section 2.6. The MgO and NiO IR dielectric func-
tion is determined by a point-by-point calculation according to equations Eq. (2.12)
and (2.13) and is shown in Fig. 5.7(b).

The reflection ellipsometry spectra were recorded in the spectral range from
0.6 — 4.8 eV (Fig. 5.8(a)). The Tauc-Lorentz dispersion function is employed to
describe the dielectric function of the NiO buffer layer [162], which is well suited
to describe the optical properties of insulators and semiconductors. The dispersion
model parameterizes the imaginary part €5 of the dielectric function, which determ-
ines the optical absorption of the material. The real part €; is then obtained by
Kramers—Kronig integration of the imaginary part 5. For photon energies F be-
low the interband transition Ej,, the optical absorption by the material is zero. For
photon energies above the band edge, according to Tauc et al. the imaginary part of
the dielectric function is [163]

(E — Eg)2

8;(E) = AT 2

(5.1)

where Ar is a fitting parameter in units of energy. In the Tauc-Lorentz disper-
sion model, the Tauc term is multiplied by the Lorentz calculation of the imaginary

part [164]
ALE,CE
(B2 — E2)? + C°L2

() = (5.2)
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Fig. 5.7: (a) Optical IR transmittance (blue) and reflectivity (red) spectra of bare MgO
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substrate, NiO film and La:BaSnOg3/NiO bilayer structure on MgO substrate.
Carrier concentrations in La:BaSnOs were 1.6 x 101 cm™3, 8.4 x 10! cm™3 and
4.4 x 10%° cm™3 as determined by Hall effect measurements. Dashed lines to the
La:BaSnOj3 IR spectra indicate theoretical fitting curves employing a combined
model of the Drude free carrier absorption and the Tauc-Lorentz dispersion func-
tion. (b) Corresponding dielectric functions obtained by the point-by-point ana-
lysis of the IR spectra (MgO, NiO) and the dispersion model analysis (La:BaSnO3).
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Fig. 5.8: (a) Ellipsometry spectra of amplitude ratio tan ¥ (red) and phase shift A (blue) of

NiO film on MgO substrate and La:BaSnO3/NiO bilayer structure on MgO sub-

strate. Carrier concentrations in La:BaSnO3 were 1.6 x 10™ cm™3, 8.4 x 10!? cm™

3

and 4.4 x 1020 cm ™3 as determined by Hall effect measurements. Dashed lines to

the NiO and La:BaSnOj ellipsometry spectra indicate theoretical fitting curves

employing a combined model of the Drude free carrier absorption and the Tauc-

Lorentz dispersion function. (b) Corresponding dielectric functions of NiO and

La:BaSnOj3 obtained by the dispersion model analysis.

109



5 Electron Mobility Limits in Epitaxial BaSnOs Thin Films

where Ay is a fitting parameter in units of energy, C' is the broadening energy and Ej
is the peak transition energy, which accounts for the decrease in the optical absorption
for photon energies well above the interband transition. The resulting dielectric

function of the Tauc-Lorentz dispersion model is thus given by

AE(C(E—Eg)? 1
(F2—E2)*4C?E2 B> E>E,

M) = 5.9
0, E<E,
and
2 [ ol
B = e+ 2P [ e (5.4)

where A is a fitting parameter in units of energy and P denotes the Cauchy prin-
cipal part of the Kramers-Kronig integral. The constant e]"(cc) is defined by the
Tauc-Lorentz parameters via the equality between £{“(0) and the optical dielectric
constant €.

The dielectric function of the La:BaSnOj films in the spectral range from 0.2—4 eV
is described by a combination of the Drude free electron model and the Tauc-Lorentz
dispersion function. Since the Tauc-Lorentz paramecters show a strong corrclation
with the constant e]“(00), the low-energy IR dispersion function is determined first.
Taking the free carrier absorption into account, the IR dielectric function can be
written as [165]

2

p
e (5.5)

EooW

e1(w) = e
A plot of the real part ; of the dielectric function obtained by mathematical inver-
sion [166] versus 1/ (E* + hQ'yf,) yields the high frequency dielectric constant ., as
intercept by linear interpolation of the low-energy region (Fig. 5.9(a)). The initial
value of the broadening frequency 7, is obtained from a fit of the Cauchy model in
the spectral range 0.6 — 3.2 eV, below the band gap transition. The La:BaSnO3 op-
tical dielectric constant €., decreases slightly from 4.4 to 4.1 with increasing carrier

concentration (Fig. 5.9(b)).
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Fig. 5.9: (a) Real part e; of the La:BaSnOjs dielectric function as a function of
1/ (E2 + h2’yg). According to Eq. (5.5), the high frequency dielectric constant
€00 I8 Obtained from the intercept at 1/ (E2 + 77,271%) = 0. (b) La:BaSnOgs high

frequency dielectric constant ., as a function of carrier concentration.

The screened plasma frequency /2wy, is then obtained by fitting the FTIR spectra
(0.2 — 1 eV) using theoretical spectra [105] based on the model parameters for the
dielectric function according to Eq. (5.5) and with accounting for the optical constants
of the MgO substrate and NiO buffer layer. Eventually, the Tauc-Lorentz parameters
are obtained by fitting the combined Drude-Tauc Lorentz model from 0.6 eV to
4 — 4.5 eV energy, avoiding the complicated structures observed in the dielectric

function at all energies above (Table 5.2).

With increasing carrier concentration from 1.6 x 10 to 4.4 x 10%° cm ™3, the dielec-
tric function indicates an increase in the free carrier absorption below 1 eV and a shift
in the onset of the optical transition near 3.3 eV to higher energies (Fig. 2.10(b)). The
Drude model parameters in Eq. (2.14) allow for calculating the electron effective mass
according to Eq. (2.15). The La:BaSnOj electron effective mass increases remarkably

3

from 0.19 to 0.36 my for carrier concentrations from 1.6 x 10'¥ to 7.6 x 10?° cm ™3,

respectively (Fig. 5.10).
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Table 5.2: Theoretical parameters used to describe the NiO and La:BaSnOj3 dielectric func-
tions using the Tauc-Lorentz dispersion model, where €4, is the optical dielectric
constant, F, is correlated to the band gap energy, A is a fitting parameter in
units of energy, Fy is the peak transition energy for the Lorentz contribution,
and C' is the broadening energy. The Drude model for free carrier absorption
comprises the plasma frequency wy, the broadening frequency 7, and the electron

effective mass m.

material n oo E, A Ey C Iy, vy m
(em™) - (V) (eV)  (eV)  (eV) (V)  (eV)  (my)
NiO 5.7 3.4 280 3.9 0.90

La:BaSnO; 1.6 x 10 44 2.9 31 4.0 1.3 0.16 0.13 0.19

La:BaSnO; 8.4 x 102 49 2.9 22 4.4 1.1 034 024 0.25

La:BaSnO; 4.4 x 10 41 2.7 17 4.8 1.1 0.70 0.10 0.30

The energy dispersion E of electrons near the conduction band minimum can be

described by a first-order non-parabolicity approximation [168]

2k
e = E (14 BE), (5.6)

where h is the reduced Planck constant, m}, is the electron effective mass at the
conduction band minimum, k = (37171’2)1/ ? is the Fermi wave vector for a parabolic
conduction band and f is a fitting parameter describing the degree of non-parabolicity
of the conduction band. After solving the quadratic equation (5.6) to obtain the

electron energy E and applying the relation [55]

L _ 1dp
m* Rk dk’

€

(5.7)

the effective mass is given by
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Fig. 5.10: Increase in La:BaSnQOg electron effective mass with carrier concentration as de-
termined by the plasma frequency in the Drude model for free carrier absorption
(black filled circles). The IR dielectric function was obtained from transmit-
tance/reflectivity FTIR and ellipsometry spectra. The effective mass of co-doped
(H,La):BaSnOj3 determined in a previous analysis [26] and that of La:BaSnOs3
determined by Allen et al. [167] using an IR reflectivity analysis are given for

comparison.

Fitting of equation (5.8) to the electron effective mass data yields m¥, = 0.19 mg
at the conduction band minimum, in good agreement with the result from hybrid
density functional theory [43]. The electron effective mass obtained by Allen et al.
is likely underestimated and may be corrected by a factor of e(w,)/c0 = 4.2/3.3 to
0.24 my, following a delusive notation of the plasma frequency [167] different from
Eq. (2.15), and inconsistent with its definition as the frequency for which the dielectric
function equals zero. The non-parabolicity parameter 8 = 0.37 (eV)™! indicates a
more pronounced increase in the La:BaSnOj effective mass with carrier concentration
as compared to other transparent conducting oxides like Ga:ZnO (8 = 0.14 (eV)™1)
and Sn:In,O3 (3 = 0.18 (eV)™') [165], indicating a significant dependence of mobility

on doping level.
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5.3.4 Burstein-Moss Shift

The ellipsometry spectra in the energy range from 0.6 to 4.8 eV were analysed
to extract the La:BaSnOjs optical band gap independently from that of the NiO
buffer layer and investigate the Burstein-Moss shift. The absorption coefficient was

calculated from the dielectric function using

_ dmk,
Aph

e (5.9)

where k. is the extinction coefficient and App is the photon wavelength. The band
gap was determined from a plot of (ahv)? vs. photon energy hv, where a denotes
the absorption coefficient, which is valid for a direct transition at the absorption
edge (Fig. 5.11(a)). Due to the conduction band filling effect, the La:BaSnO3 optical
absorption edge shifts from 3.7 to 4.1 eV when the carrier concentration increases
from 1.6 x 10' to 4.4 x 10% cm=3.

With increasing carrier concentration, electron-electron and electron-impurity in-
teractions partially compensate the Burstein-Moss shift as the conduction band edge
is shifted to lower energies. The band gap narrowing due to the electron-electron

interactions is given by [169]

” e’k ) 4 (kK
AES = + <1 — —tan! (X)) ) (5.10)

2280 8TELED T
where e, = 19 [66,170] is the BaSnOj static dielectric constant, A\ = 2\/k/aj7 is
the Thomas-Fermi screening length, a = 4me.eoh?/mie? is the effective Bohr radius
and £ is the reduced Planck constant. The band gap narrowing due to the electron-
impurity interactions is given by

ne?

AE® = —— 11
I esg0af\® (5.11)

In total, both effects contribute to ca. 0.2 eV narrowing of the optical band gap for the

highest electron concentration of 7.6 x 10?° cm~3. After subtraction of the conduction
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Fig. 5.11: (a) Optical absorption spectra plotted for a direct-type transition. The optical

band gap shifts from 3.7 to 4.1 eV when the carrier concentration increases from

1.6 x 10 to 4.4 x 10%° cm~3. (b) Increase in the La:BaSnO3 optical band gap

with carrier concentration due to conduction band filling effect, where E#=0 is the

energy of electrons assuming a non-parabolic band dispersion. The theoretical

model employs the effective mass and non-parabolicity parameter derived from

the IR optical analysis to calculate the energy dispersion E of conduction band

electrons. The band gap narrowing due to electron-ion (AEgi) and electron-

electron interactions (AEg®) is taken into account.

band shifts, the Burstein-Moss shift in La:BaSnOj is described consistently with

Eq. (5.6), employing the effective mass and the non-parabolicity parameter obtained

from IR spectra analysis (the solid curve in Fig. 5.11(b)). As compared to a previous

analysis of the Burstein-Moss shift of the indirect electronic band gap of La:BaSnO;

determined by photoelectron spectroscopy [23], the present results indicate a more

pronounced non-parabolicity of the conduction band and a weaker effect of many-

body electron-electron and electron-impurity interactions.
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5.3.5 Electrical Transport Properties

After determination of the effective mass, the mobility in La:BaSnO3 can be quant-
itatively described using Eq. (2.8) and adopting an analytical description of the re-
laxation time for carrier scattering. The temperature-dependent electron transport
properties for 0.3, 1.5 and and 5 at.% La-doped films show degenerate, metal-like
behaviours characterized by a constant carrier concentration and only moderately in-
creasing Hall mobility with decreasing temperature from 300 to 45 K (Fig. 5.14(a)).

Since the La (0/4) charge transition level in BaSnOy lies within the conduction
band [43] (cf. Fig. 1.18), it may be assumed that all the La atoms are readily ionized
to donate an electron to the reservoir of free carriers. However, the La:BaSnOj3
films of less than 0.3 at.% La impurity concentration (np, = 4 x 10 cm™3) are
highly resistive (Fig. 5.14(b)), which suggests trapping of free carriers by defects in
the microstructure. For small doping levels, the Hall carrier concentration is indeed
significantly reduced as compared to the La impurity concentration (Fig. 5.12). Above
a doping level of 0.3 at.% La, the room temperature Hall mobility increases from 18
to 70 cm?/Vs at carrier concentrations from 8.3 x 10*® to 4.4 x 102 cm 3, respectively,

but then drops at higher impurity concentrations.
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Fig. 5.12: Comparison of carrier concentration obtained by Hall measurements and La im-
purity concentration. The straight dashed line indicates 100% doping efficiency

and the curved dotted line presents an empirical fit to the data points.

5.4 Discussion of Electron Scattering Mechanisms

The crystal mosaicity observed in the HR-XRD analysis and the microstructure
in the TEM observation suggest the vertical grain boundaries as possible carrier
traps. However, the activation energy of mobility, which reflects the electron transport
potential barrier height and temperature-dependent scattering properties, are as low
as 2.5 to 3.6 meV and significantly smaller than the thermal energy kgT', where kg is
the Boltzmann constant and 7" is the absolute temperature (Fig. 5.13). Thus grain
boundaries do not affect the electron transport properties at room temperature [171].

Since the BaSnOj3 perovskite structure consists of alternating layers of BaO and
SnO,, stacking faults including Ruddlesden-Popper-type ones are readily introduced
into the microstructure when different crystal domains coalesce during thin film
growth [172]. Such structural defects are observed even at the exact Ba/Sn growth
stoichiometry and independent from the dislocations resulting from the structural
mismatch to the substrate. Therefore, dislocation scattering is investigated as the

prevailing mobility-limiting transport mechanism in BaSnOj epitaxial films for car-
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Fig. 5.13: Arrhenius-type plot of ln(uT%) for evaluation of the activation energy of electron
mobility in La:BaSnOg films (cf. Ref. [171]).

rier concentrations below 1 x 10?° cm™. The dislocations which may create trap
states for free electrons may explain the significantly reduced doping efficiency when
the La impurity concentration is comparable to or smaller than the trap density [155].
The mobility governed by dislocation scattering in a degenerate semiconductor is de-

scribed by [173]

8ea? [3n\?? 3/2
is = — 1 , 5.12
= o (2) v (5,12
where
€s€0h2 2 \1/3
& = ee? (37%n) ", (5.13)

and a is the BaSnOj lattice parameter, h is the Planck constant and Ny, is the dislo-
cation density. For carrier concentrations above 1 x 10%* cm—3, the room temperature
mobility in BaSnOj is governed by electron-phonon interactions and electron scat-
tering at ionized La impurities [174]. The mobility governed by longitudinal optical

(LO) phonon scattering is calculated according to [175, 176]

e 1 cy\ 3 huw,
= — 1+ & 2 —1 14
HLOw my 2cuw, ( + 6) flew <exp <kBT) ) (5-14)

where ¢, is the electron-phonon coupling constant proportional to the square root

118



5.4 Discussion of Electron Scattering Mechanisms

of electron effective mass /m7, w, is the frequency of the LO phonon mode and
f(cy) is a slowly varying function ranging from 1.0 to 1.2 for 0 < ¢, < 3 [177]. In
La:BaSnQOg, the three LO phonon modes with hw; = 18, 55 and 96 meV energy are
taken into account [66,170] to calculate an effective mobility uro using the sum of
reciprocals for each phonon mode, using yi 5 = > ,uféu [178]. The mobility governed
by ionized impurity scattering in a degenerate ;emiconductor [179,180], taking the
non-parabolicity of the conduction band into account [181], is given by

3e2eihd no 1
,LL' — -
imp m22€3 N, F >

(5.15)

where F' is the screening function

F = <1+4é <1—%>>ln(1+§0)— : S g <1—136§1> (5.16)

o +&

and

m*
fi=1-—"2. (5.17)

myg
N; is the concentration of ionized impurities, which is equal to the La concentration
assuming that all the La impurity atoms donate one electron each. According to the

Matthiessen’s rule, the resulting mobility is
Pres = Fis T MO T Himp » (5.18)

which describes the dependence on temperature and carrier concentration over the
entire range of investigation (Fig. 5.14).

The analysis according to equations (5.12) to (5.15) shows that the high La:BaSnOj3
mobility is mainly attributed to two quantities, the small electron effective mass and
the large static dielectric constant. The room-temperature effective mass increases
pronouncedly from m} = 0.19 my to 0.36 my for the range of the carrier concen-
trations investigated in this work. This is reflected by the large non-parabolicity

parameter 5 = 0.37 (eV)~! and noticeably reduces the mobility at the highest doping
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5 Electron Mobility Limits in Epitaxial BaSnOs Thin Films
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Fig. 5.14: (a) Temperature-dependent Hall mobility of 0.3 %, 1.5 % and 5 % La-doped
BaSnOg films indicates degenerate, metal-like transport behaviours, which is
dominated by dislocation scattering for low doping levels and ionized impurity
and LO optical phonon scattering for high doping levels. Solid lines present the-
oretical calculation of the mobility using the three analytical scattering models
according to Egs. (5.12), (5.14), (5.15) and (5.18). (b) La:BaSnOg films are too
resistive to measure Hall voltages for doping levels below 0.3% La (I). The room
temperature Hall mobility of the degenerate La:BaSnO3 films is governed by dis-
location scattering in the intermediate doping regime (II) and LO optical phonon
and ionized impurity scattering in the high doping regime (III). The mobility
of La:BaSnOj3 crystals is given for comparison (grey open squares, after Kim et

al. [96]).
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5.5 Conclusion

levels concurrent with an increase in the polaron mass. However, the large dielectric
constant g, = 19 [66,170] of BaSnO3 promotes screening of the Coulomb potential
of charged dislocations and ionized La impurities [96]. The square dependence of
mobility governed by impurity scattering on dielectric constant shows that in con-
trast to other high mobility wide band gap semiconductors like ZnO (el = 7.4 [182]),
Iny03 (g5 = 8.9 [183]) and GaN (gf = 9.5 [184]), BaSnO3 may exhibit a large mo-
bility even at unusually high carrier concentrations because impurity scattering does
not become significant. Furthermore, electron-phonon scattering is less pronounced
as compared to other polar oxides such as SrTiO3 (~10 ¢cm?/Vs [185]) and GayOs
(~115 cm?/Vs [186]), allowing to achieve an extraordinary high ~300 cm?/Vs mobil-
ity even at room temperature [170,174].

Further progress in the development of BaSnOj epitaxial films for application in
transparent oxide electronics may be realized not only by considering the lattice
mismatch with the substrate, but also by optimising epitaxial growth techniques to
reduce dislocation densities and domain boundaries which are inherent to the per-
ovskite structure. Selective-area growth and epitaxial lateral overgrowth techniques
as successfully applied in II-nitride semiconductor technology [187] may present ef-
fective methods for achieving higher mobilities by reducing the dislocation density of

the present BaSnOj epitaxial films.

5.5 Conclusion

In conclusion, the degenerate perovskite BaSnOj exhibits an extraordinary high
room temperature mobility attributed to an electron effective mass as small as
0.19 mg. An in-depth investigation of the infrared free carrier absorption and the
Burstein-Moss shift yields a significant dependence of electron effective mass on dop-

ing level, concurrent with a pronounced non-parabolicity of the conduction band.
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5 Electron Mobility Limits in Epitaxial BaSnOs Thin Films

The current room temperature mobility limits in epitaxial films are determined by
scattering at dislocations at low doping levels, and ionized impurity scattering and
electron-phonon interactions at high doping levels. The large dielectric constant of
BaSnOj facilitates the screening of charged defects and ionized impurities more than
in other transparent semiconductor and electron-phonon scattering is less pronounced
as compared to other polar oxide semiconductors, resulting in an enhanced room-

temperature mobility even at unusually high carrier concentrations.

122



6 Summary and Conclusion

This thesis investigated the origin of the pronounced band gap narrowing in
Ni,Mg;_,O, a fully miscible solid solution of the important p-type transparent ox-
ide NiO and MgO relevant for application in tunable deep-UV photo detectors. The
second part of this thesis investigated an effective crystal growth method for the
emerging high-mobility perovskite TCO La:BaSnOg, the doping with previously un-
explored electron donor H, the La:BaSnOj electron effective mass dependence on
doping level and electron transport properties in epitaxial thin films.

Chapter 3 of this thesis resolved the controversy over the strikingly non-parabolic
band gap bowing in the NiyMg;_,O solid solution in the literature. While previous
reports claimed that the origin of the unusual band gap bowing may be ascribed
to apparent compositional inhomogeneities, the structural investigations on epitaxial
Ni,Mg;_.O thin films presented in this thesis do not indicate any deviations of the
material from a fully miscible, structurally and compositionally homogeneous solid
solution. The pronounced band gap narrowing of NizMg; O is instead attributed
to the fundamental difference in electronic structure between NiO and MgO. The
transition metal oxide NiO forms Ni 3d levels inside the MgO band gap even for
small NiO concentrations of 12 at.%, resulting in a reduced 4.8 eV optical band
gap as compared to the large 7.8 eV band gap of pure MgO. The standard bowing
theory has been rigidly applied to describe the Niy,Mg;.,O band gap dependence in

the literature, even though it may in general not be valid for semiconductor systems,
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6 Summary and Conclusion

in which one of the alloy end members creates deep electronic levels in the band gap.
The results demonstrate that the NiyMg;_,O band gap dependence on composition is
simply described by a linear interpolation of the band gaps of NiO and Ni impurity
doped MgO.

An effective solid phase epitaxy method for preparation of high-mobility
La:BaSnOj thin films of single crystal-like structure using the room temperature-
deposited nanocrystalline phase as precursor was presented in Chapter 4. The low
La dopant activation of about 9 — 16 % is attributed to dislocations in epitaxial
La:BaSnOg thin films which act as carrier traps and the La segregation at grain
boundaries due to the limited solubility in BaSnO3 and the high temperature crys-
tallization process. Up to present, best doping results have been achieved using La
substitutional doping on the Ba-site in BaSnOj3. This thesis presents the first ex-
perimental report of interstitial H doping in BaSnO3 films, which is the second most
effective n-type doping possibility to enhance carrier concentrations reported up to
present. H-doping by plasma treatment may be carried out at room-temperature
and can be combined with La-doping to significantly enhance the conductivity. This
new doping option opens up new functionality for devices since interstitial H may be

released again upon annealing.

Chapter 5 of this thesis investigated the origin of the high room temperature
mobility in degenerate perovskite BaSnO3. A small conduction band electron effect-
ive mass of only 0.19 my is determined independently from analysis of the carrier
absorption observed in infrared spectra. A significant increase in electron effective
mass on doping level is observed, in agreement with a large Burstein-Moss shift,
which is concurrent with a pronounced non-parabolicity of the conduction band. The
thesis presents the first quantitative analysis of the current electron mobility limits
in La:BaSnQOg epitaxial films, which are determined by scattering at dislocations and

ionized impurities. The large dielectric constant of BaSnOj3 facilitates the screening
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of defects more than in other transparent semiconductors, resulting in an enhanced
mobility even at unusually high carrier concentrations. The results demonstrate the
potential of BaSnOj3 to outperform established wide-band gap semiconductors such
In, O3, ZnO and even GaN.

The thesis results demonstrate that intriguing properties of emerging transparent
conducting oxides are yet to be discovered when present research departs from the
conventional materials SnO,, InyOs, ZnO and CdO, which historically dominated
this research field since the 1950’s. The investigation of novel classes of transparent
conducting oxides may result in more innovative material design concepts or and a
thorough understanding of previously unexpected physical properties.

In this context, the fundamental understanding of the largely irregular band gap
bowing in the NiyMg; O system presented in this work shows how well-established
theories are often rigidly applied, thereby overlooking scientifically interesting and
conceptionally different semiconductor physics. Likewise worth investigating, the un-
precedented high room-temperature mobility in BaSnOj has created an immediate
research fever to understand the physics of perovskite stannates in great detail. The
present results elucidating the electron transport may be of great interest for research-
ers which recently turned to investigating BaSnOj for application in high performance
thin-film transistors or more interestingly from a scientist’s perspective, aim at the de-
velopment of further emerging wide-band gap perovskites whose intriguing properties

are yet to be discovered and understood.
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Appendix: P-type Conduction in
NixMg;_,0

Chapter 3 described the origin of the non-parabolic band gap bowing of undoped
NixMg;O. It was found that by alloying just a small amount of NiO with MgO, the
band gap is already drastically reduced due to Ni 3d e, states which form deep levels
inside the MgO band gap. Nevertheless, the Ni,Mg; O band gap can be tailored
within the range of 3.7 eV—4.8 ¢V for 1 < x < 0.12. In this appendix, the prospect
of p-type conduction in wide band gap UV transparent epitaxial Li:Ni,Mg;_,O films
is discussed.

Single-phase polycrystalline 5 — 10 at.% Li:NiyMg;,O (x=1, 0.8 and 0.6) ceramic
targets were prepared by sintering high purity LiCOjz, NiO and MgO powders at
temperatures of 900 °C for 36 h. Ni,Mg;_,O thin films were grown on single-crystal
MgO(100) substrates by pulsed laser ablation of the Li:Ni,Mg; O ceramic targets
using a 248 nm KrF excimer laser. The growth temperature was 600 °C and the de-
position pressure was 0.7 Pa Oy. The Li:NizMg;_,O ceramic targets were ablated with
a laser beam fluency of 0.8 J/cm? per pulse at a frequency of 10 Hz, resulting in a film
thickness of about 300 nm. AC Hall measurements were performed with a LakeShore
8400 system (Toyo Co.) using the four-terminal method with sputtered Au/Ti con-
tacts in van der Pauw geometry. The optical transmission of the Li:Ni,Mg;_,O films

were measured with a Cary 5000 UV-Vis-NIR spectrophotometer using a bare MgO
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Appendix: P-type Conduction in Ni,Mg;_ O

substrate as 100% transmission reference.

By alloying 5 at. % and 10 at.% Li:NiO films with a fraction of only 20 at.% MgO,
the resistivity increases by more than 2 orders of magnitude due to a significant drop
in carrier concentration from about 8 x 10%° ecm™ to 1 x 10'® cm=3 (Table A.1). The
Hall mobility is constant regardless of the MgO alloying content and the maximum
value of ~0.06 cm?/Vs is very similar to that obtained for Li:NiO films prepared
by solid phase epitaxy [85]. However, the hole transport properties are inferior to
those reported for polycrystalline, semi-transparent NiO films prepared by magnetron
sputtering at 200 °C and 0.8 Pa O, deposition pressure with a maximum Hall mobility
of ~3 cm?/Vs [83]. The Hall voltage measured for Li:Nig¢Mgg 4O films was too small
to determine the transport properties, which is attributed to a significant drop in

carrier concentration and a small mobility.

Table A.1: Hole transport properties of epitaxial Li:NiyMg1.xO (z = 1, 0.8 and 0.6) thin

films.

Material ~ Li concentration Resistivity Carrier concentration Hall mobility

at.% (Qcm) (cm™3) (cm?/Vs)
NiO 10 0.32 7.5 x 10%° 2.6 x 1072
D 3.2 6.3 x 10%° 3.1 x 1073
Nip sMgg 50 10 25 4.0 x 1018 6.2 x 102
) 1.1 x 103 1.3 x 10%® 5.4 x 1073
Nip sMgo4O 10 46 ; ;

The comparison of optical transmission spectra of undoped and Li:NiggMgy20
thin films shows a significant drop in transparency for visible light when the Li dop-
ing concentration is increased (Fig. A.1). Tt follows that a reasonable good p-type

conductivity is achieved at the cost of optical transparency.
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Fig. A.1: Optical transmission spectra of undoped and Li-doped (a) NiO and (b)
Nig.§Mgg2O thin films indicating the significant loss in transparency in the visible

region for high Li doping concentrations.

While Li doping is an effective method to obtain good p-type conduction in NiO
thin films, only a small hole concentration can be achieved in Li:NiyMg;.,O films
with MgO contents of 20 at. % prepared under the same conditions. It is likely that
the holes introduced by Li acceptors may readily be compensated by formation of
O vacancies (V) which have very low formation energy in MgO (see section 1.3). A
recent combined experimental and theoretical study of defects in Li:MgO corroborates
this argument and suggests formation of defect complexes such as 2LingVo which
neutralizes Li acceptors [188]. Such defects may play a role as compensating centres
in Li:NiyMg; O, but theoretical studies of the defect chemistry in this system will be

required to investigate the origin of hole compensation in more detail.

In conclusion, by allowing NiO with 20 at. % MgO the band gap increased only
marginally from 3.7 eV to 3.9 eV. At the same time, the propensity to p-type conduc-
tion decreases drastically for Li:NiggMggoO as compared to Li:NiO. Hole compens-
ating defects and defect complexes, such as Vo and 2Liy, Vo, respectively, are likely

to have small formation energies in Ni,Mg;_,O. Furthermore, a compromise must be
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Appendix: P-type Conduction in Ni,Mg;_ O

made between realizing good p-type conductivity and the loss of transparency by
Li doping. Therefore, Li-doped Ni,Mg;.,O alloys do not offer prospects for increas-
ing the band gap of NiO beyond 3.7 eV without degradation of its hole transport

properties or optical transparency.
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